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Abstract 
Factors relating to the release of sulphur during 
slow and rapid carbonisation of coals are reviewed in 
detail. 
Experiments are described in which three h igh-
organic-sulphur coals were carbonised in fluid bed and 
disperse phase equipment. A linear relationship was 
found to exist between losses of weight and total 
sulphur. Attempts were made to describe devolatilisation 
in terms of reaction kinetics, but with no real success; 
rate-controlling steps are evidently of a physical , 
rather than a chemical nature. 
Hydrogenation for short periods was effective in 
lowering the sulphur content of chars, without 
appreciably affecting the yield. 
Analysis of the volatile products showed that most 
of the volatilised sulphur is present as mercaptans o.r 
high-molecular-weight tarry compounds. 
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I. Introduction 
THE LIBRARY 
UNIV!:I\SI'rf OF CANTERBUR'r 
CHRISTCHURCH, N.;z, 
The need for adequate supplies of high quality metal-
lurgical coke has been highlighted by the plan for the setting 
up of an iron and steel industry in New Zealand, and also by 
the possibility of a substantial export trade with Japan~ At 
present, the relatively small demand (ca. 6,000 tons/annum) for 
metallurgical coke for use in foundries is met by the output of 
73 
one company , but the probability of a greatly increased future 
demand led Hughson73 to investigate the reserves of cokfng coal 
in New Zealand, and the feasibility of producing metallurgical 
coke in much larger quantities (e.g. ~-1 million tons/annum), 
both for home use and for export. 
In New Zealand, reserves of coking coals are :virtuaily 
confined to the Greymouth and Buller coalfields, on the West 
Coast of the South Island, where in 195973 such reserves were 
estimated to total some 77 million tons. 
Unfortunately, a considerable portion of these reserves 
suffers from the disadvantage of a medium or high sulphur content. 
Hughson classified these coals, according to the.ir sulphur 
contents, and found that low sulphur coals (less than 1%. total 
sulphur) constituted 46% of reserves, medium sulphur coals 
(1-2.5% total sulphur) 23%, and high sulphur coals (more than 
2.5% total sulphur) 31% of reserves. ~s a general rule for 
New Zealand coals, the percentage of sulphur in the coke will be 
about the same as that in the coa174 (when coked by conventional 
metho9s), and since requirements for metallurgical coke normally 
2 
specify a maximum sulphur content of 1%, the coal charged to 
the coke oven must not exceed 1% sulphuro It is possible to 
use medium sulphur coals, by blending with very low sulphur 
coals, but even so it appears that only about half of the 
reserves of coking coals can be used for the production of 
metallurgical coke, by present methodso 
Since, almost without exception, the other one- tnird of 
coals of higher sulphur content (mainly in the Buller area) 
are otherwise of the highest quality, an investigation into 
the possibility of production of low sulphur coke from these 
high sulphur coals would seem to be both relevant and timelyo 
S l h . l . l . h f 14.4 u p ur ~n coa occurs ma~n y ~n t ree orms : pyritic 
sulphur , Fes2 , as iron pyrites or marcasite; sulphate sulphur, 
usually calcium or iron sulphate; and organ.ic sulphur, in 
which the sulphur is chemically bonded within the complex 
" molecules " of which the coal substance is comprisedo 
(According to one author83 , the majority of organic sulphur is, 
in fact, nothing but very finely dispersed pyrite; experiments 
. d b h k 24 ' 148 d h. . 1 . carr~e out y ot er wor ers o not support t ~s c a~m, 
although there is little doubt that present methods of 
analysis for pyritic sulphur in coal are not capahle of 
detecting all such sulphur, particularly when present in 
micro-crystalline form in hard coals 18 , 47 , 102 o) Some free 
159 
sulphur is often found , usually in minute quantities o 
New Zealand coals are unusual in that, unlike most coals 
found elsewhere in the world, the sulphur contents are mainly 
3 
. 48,53,75,140,152 (F· 1) organ1c 1g . • Data quoted by Hughson73 
140 
and Suggate on the distribution of the different forms of 
sulphur indicate that the organic sulphur content normally 
exceeds 90%, the remainder being mainly pyritic sulphur . 
This may be compared with coals from the U.K. and U. S . A. in 
which the pyritic sulphur content normally exceeds 50% of the 
total sulphur, and occasionally exceeds 90%. 
Since organic sulphur is not capable of being removed by 
washing, which is the method generally used for removal of 
mineral sulphur, it is necessary to determine what other 
processes are available, capable of removing organic sulphur, 
either before, during, or after coking, to enable a low 
sulphur coke to be produced from a high sulphur coal. 
Such processes must, of necessity, involve some modific -
ation of the chemical structure of the coal, in order to 
release the organic sulphur from its chemical bonds, and it 
is the purpose of the present work to investigate promising 
methods, with a view to obtaining information and data from 
which the feasibility of large-scale desulphurisation might 
be determined. 
Another relevant factor is that sulphur would presumably 
be produced from such processes as a by-product. New 
Zealand's present imports of sulphur are about 200,000 tons 
39 
per annum, and the recovery of sulphur from coking of high-
sulphur coals would go some way towards alleviating the 
shortage of this valuable raw material. 
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II. Orig i n of Sulphur i n Coal 
Sulphur in coal is presumed to derive from two main 
. . 23 54 66 144 
sources : sulphur ln the coal- formlng plants ' , , , 
and sulphur extracted by the coal seam from sea-water66 ~ 83 ~ 
140,153,158 
Sulphur is an element essential for plant -growth , and 
occurs in proteins and in certain waste and protective 
substances . Du:r:}.ng decay of the plants in the bog , these 
4 
sulphur - containing compounds are destroyed , releasing much of 
the sulphur as hydrogen sulphide , which may escape o r 
alternatively may be chemically combined within the bog by 
combination with iron compounds , by absorption in organic 
coal-forming materials, o r by bacterial action. 
Recently, it has been established, both in the U. k . 149 
and U. S . A. 154 , that where the coal seam is closely overlain 
by marine beds, the sulphur content of the coal is generally 
high, whereas if the stratigraphic distance between the seam 
and the base of its nearest overlying marine bed is large , 
the sulphur conten·t of the coal is low. In New Zealand this 
view has been substantiated by a geological survey of the 
Greymouth coalfield in which Wellman66 , 152 found that sulphur 
contents from a bore near Millerton ranged from 7 . 5% (d . a . f . ) 
immediately below ·the marine overlay to 2 . 1% at 65 feet below 
the overlay. A similar decrease has been demonstrated in 
other New Zealand coalfi~'lds140 (Fig . 2) . It would appear, 
therefore, that a substantial amount of sulphur is extracted 
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from sea-waters permeating the coal bed after its burial . 
On the other hand, it is also interesting to note 
that percolating ground water is capable of significantly 
reducing the sulphur content of the coal seam, as discussed 
b S 140 . h. . f th 1 d t . y uggate Ln LS revLew o e geo ogy an proper Les 
of New Zealand coals . 
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Ill. The Nature of Organic Sulphur in Coal 
Very little is known about the nature or distribution of 
organic sulphur compounds in coal, and what work has been 
done (mainly restricted to certain high-sulphur coals f ound 
in India and Yugoslavia) has only indicated the types of 
linkage that may be present, joining sulphur with the rest of 
the complex coal molecule. The present state of knowledge in 
. 99 
this field has been well summarised in a review by Mapstone 
from which much of the material in this section was obtained . 
23 60 87 (Also see Brooks , Given and Wyss , van Krevelen , 
Theissen144 , and Ahmed2 . ) 
Although many organic sulphur compounds are known, very 
few are likely to be found in other than trace quantities in 
coal, either due to their instability in the presenc e of air 
and water, or because they require conditions for thei~ 
formation unlikely to have been encountered during the 
coalification process . The types of organic sulphur compound 
assumed to be present in the coal mass, and for which- some 
confirmatory evidence is available, include 
(a) mercaptan or thiol, RSH 
(b) sulphide or thioether~ RSR ' 
(c) disulphide, RSSR 1 
(d) aromatic systems containing the thiophene ring, 
HC CH 
II II 
HC CH 
\s/ 
(R and R 1 being alkyl or aryl groups ; in (b) and (c) both 
may be part of one ring system.) 
Solvent Extraction Studies 
According to van Krevelen87 , since chloroform and 
pyridine extracts and extraction residues have similar 
sulphur contents, it may be concluded that organic sulphur 
compounds are distributed uniformly throughout the coal as 
part of its fundamental constitution . As a corollary of 
this , it is not unreasonable to expect that a study of the 
solvent extracts of coal would yield information of value 
7 
as to the nature of organic sulphur in the original coal. 
Bhatnagar and Dutt19 have detected mercaptans and disulphides 
in the solvent extracts of coals. Dibenzthiophene has been 
isolated from the aniline extract of a coal by Gusev64 , who 
suggests that the circumstances under which it was found 
indicate that it must have existed as such in the original 
coal. This is claimed99 to be the only direct evidence of 
the occurrence of a thiophene ring in coal. 
The amounts of organic sulphur present as thiol, · 
sulphide, disulphide and thiophene groups have been determined 
by Roy127 , who analysed benzene and ethylenediamine extracts 
of two Indian coals. Results are summarised in Table 1. 
8 
Table 1 
Solvent Coal Thiol Sulphide Disulphide Thiophene 
% % % % 
Benzene I 53.1 26.7 2.5 5.6 
II 58.6 31.6 1.9 3.2 
Ethylene I 54.8 27.1 2.8 4.8 
diamine 
II 60.2 29.9 2.3 3.1 
Notes: (i) Coal I - Baragolai 3, total sulphur 4.84%, 
organic sulphur 4.57%. 
Coal II- Cherrapunji, total sulphur 8.71%, 
organic sulphur 6.95%. 
(ii) Thiol groups include aliphatic and aromatic 
thiols. No non-aromatic sulphides were detected. 
(iii) All results are based on the percentage of total 
sulphur in the coal. 
M. d y .107 . . 'l f d h ~ura an anag~ , ~n a s~m~ ar type o stu y on t e 
solvent extracts of a Japanese coal (Miike C, organic sulphur 
content 2.95%), used benzene, tetrahydrofuran (THF) and 
dimethylformamide (DMF) solvents. Their results are 
summarised in Table 2. 
Table 2 
% S in Solvent Extrac t : 
Sulphur Linkage 
Thiol -SH 
ill:!E 
8.72 
THF 
3.00 
Disulphide -S-S- 5.62 12 . 16 
combined Sulphide not directly 
with aromatic ring -S~ ) 
Sulphur as satu~ted hetero 
ring I 
S R 
Sulphide dir~ combined · 
5 32 0 00 
) 
with aromatic ring ) 
R ~·\_ S - R' 5 18 .69 
Sulphur as h~tero ring ) 
( 
, / R \ ,., --.....,,.,....~ S,/R")) 
R'' R I R' I I 
: I ' I' 
,, . "- S I -...... " ~ 
· S R111 
Remainder - not reactive 34.97 
Other Studies 
37.21 
17 . 47 
30.16 
Benzene 
5 . 28 
12 . 77 
27.94 
6.64 
47.37 
68 Oxidation studies by Horton and Randall have shown 
that about half of the organic sulphur in coal can be easily 
oxidised to sulphate, even when the proportion of original 
carbon oxidised is small. Iyengar et a1 77 oxidised high-
sulphur coals with air and nitric acid, and obtained 
sulphonic acids. They concluded that part of the sulphur 
was present as thiocarbonyl groups ( ~C = S), and that the 
coals studied contained little sulphide sulphur. 
From a study of the carbonisation of coal in the 
9 
94 presence of superheated steam, Lissner and N.emes stated 
that organic sulphur in coal exists in four forms : =: c - SH 
and ::c-S-S-C~ groups (probably attached to nitrogen), 
and ::cH-SH and ~CH-S-CH~ groups . The evidence 
should be regarded as indicative, rather than conclusive, 
but such structures are certainly feasible. 
10 
The existence of thiol, sulphide and disulphide groups 
has also been demonstrated by the reactions of coal with 
h 1 . d'd 3,33,63,148 - d ' G 63 h met y 10 1 e ; accor 1ng to usev , t ese 
groups are probably of a complex alkyl or alkeny.l (ethylenic) 
form. Since thiophene does not react with methyl iodide, 
the organic sulphur remaining after treatment with this 
compound is claimed to be exclusively thiophenic in nature, 
but this argument would similarly apply to alkyl aryl 
sulphides, diaryl sulphides99 , and to compounds in which the 
sulphide linkage forms part of one ring. As has been shown 
81 by Jones , six-membered heterocyclic sulphur rings have 
quite enough stability to be formed and preserved during 
coalification, and these structures are just as probable as 
systems containing the thiophene nucleus. Structures 
suggested include the 1,4-dithiadiene (a), 4-thiopyran (b), 
and 4-thiopyrone (c) systems : 0 
s 
0 ( s) s 
(a) (b) (c) 
As a result of experiments involving the heating of coals 
with sulphur at 130°C, Postowsky and Harlampovitch119 
concluqed that biothioether structures (R-S~ C- C- S-R ' , 
11 
where R and R' are not aryl) could be present in coal . 
Gusev63 later confirmed this suggestion from a study of the 
reactions of cupric chloride with coal sulphur. A 
99 
criticism of Gusev's method has been noted by Mapstone • 
A method for the determination of the thioether group, 
based on its selective catalytic decomposition in the 
presence of alumina at high temperature, has given rise to 
h . b w k k 4 ' 15 5 h ,. . . t e suggest~on y ne ows a t at the organ~c sulphur ~n 
coal consists only of thioether and thiophenic groups, and 
that the ratio thioether/thiophenic sulphur decreases from 
3:1 in high- volatile coals to 1 : 6 in semi- anthracite. 
To summarise, it appears probable that the two main 
forms of sulphur in coal are heterocyclic ring compounds , in 
which sulphur has replaced carbon, and side - chain thioether 
compounds, in which sulphur has replaced oxygen . The 
relative proportions of these two forms vary considerably, 
but it seems that as the rank (i.e. carbon content) of the 
coal increases and tpe aromaticity increases , the greater 
is the proportion of sulphur present in ring compounds. 
It is important to realise, however, that there is no 
positive evidence for the existence of heterocyclic sulphur 
linkages in coal; at the present state of knowledge, their 
presence can only be inferred. 
12 
However, it should be noted that cyclic sulphides , 
thiophenes, benzothiophenes, d i benzothiophenes and 
thienothiophenes have been identified in crude petroleum, 
as well as thiols, aliphatic sulphides , and disulphides 
35,67,145 Since both coal and petroleum are derived from 
living matter, and since there appears to be a strong 
correlation between coal sulphur content and the presence 
of overlying marine beds, it is not unreasonable to i nfer 
that, by using th~ techniques developed for the investigation 
of oil sulphur, heterocyclic sulphur compounds may yet be 
shown to be present in coal. 
Much work still remains to be done on the composition 
of the various organic sulphur compounds in coal , one 
important requirement being the development of means of 
accurately distinguishing between the aromatic and 
aliphatic sulphur in the coal structure. The separate 
effects of these two main forms of sulphur on coal 
properties (e.g. rank, swelli ng number) are still largely 
unknown. 
13 
IV. The Properties of High-Organic-Sulphur Co~ 
There are very few coals whose organic sulphur contents 
are sufficiently high to affect the physical and chemical 
properties of the coal to any great extent. Such coals 
have been reported only from Rasa (Yugoslavia)86 (organic 
. 22 33 59 
sulphur content 11.9% (d.a.f. basis)), Assam (India) ' ' ' 
61
,?8 , 126 , 127 (6.95%), Tangorin (Australia) 100 (6.5%), and 
140 -New Zealand (8-9%, poss~bly higher). Coals of high 
total sulphur content are also found in Pakistan78 (10%), 
Russia3 (9%), and Borneo 78 (5%), although in these coals 
much of the sulphur is in the mineral form. 
From a consideration of molecular structure, it is to 
be expected that a high-organic-sulphur content would have 
a significant effect on the rank of a coal, by virtue of the 
ability of one atom of sulphur to replace two carbon atoms 
(as in a thiophene ring) or one oxygen atom (as in a thioether 
group). The coal from Rasa 86 contains 11.9% organic sulphur, 
and has many abnormal properties, some characteristic of a 
lignite, and others indicating a bituminous coal. According 
to Kreulen86 , this dual character is explained when, by 
adding the sulphur and oxygen contents, a value close to the 
oxygen content of a lignite is found; by adding sulphur and 
carbon the figure is that of the carbon content of a 
bituminous coal. On the evidence available at present, it 
is not possible to decide whether this hypothesis is true, 
or whether the structure of high-organic-sulphur coals is 
14 
quite different from that of normal coa l s containing oxygen . 
Much of the sulphur in Rasa coal is claimed to be in r i ng 
form, probably thiophenic. 
The Rasa coal, like most other coals with h i gh-organic -
6 23 86 
sulphur contents , ' , is notable for its pronounced coking 
ability, despite the fact that its carbon and volatile contents 
are indicative of a non-coking or poorly-coking coal. 
According to Brooks 23 , this coking ability is very probably 
due to the presence of the organic sulphur, and is most 
marked when accompanied by a high hydrogen content . 
23 In general, too, high-organic-sulphur coals appear to 
have lower softening temperatures than low- sulphur coals of 
the same carbon and hydrogen contents, which could be due to 
the replacement of oxygen by sulphur . In simple compounds 
in which intermolecular hydrogen bonding can occur, this* 
invariably results in a reduction of melting point, and 
according to Brooks23 it is possible that the main effect of 
sulphur in the coal structure is to lower the softening 
temperature by reducing the intermolecular hydrogen bonding, 
compared with coals of the same carbon and higher oxygen 
contents. Coking normally occurs only in those coals in 
which fusion occurs at the same or at a lower temperature 
than that of extensive thermal decomposition, and if sulphur 
has the effect of lowering this fusion temperature, 
*Electronegativity values (Pauling) for oxygen and sulphur 
are 3 . 5 and 2.5, respectively25 • 
high-sulphur coals would be expected to give cokes 
comparable with those from coals of higher carbon and 
lower volatile contents. 
15 
16 
V. The Behaviour of Coal Sulphur during Carbonisation 
In the carbonisation of coal, the chemical structure 
is partially broken down by the application of heat, 
producing a solid carbonaceous residue ( " coke" ) and volatile 
liquid ( " tar" ) and gaseous ( "coal gas " ) products. During 
carbonisation , the original sulphur-containing compounds are 
also partially broken down, about half being fixed in the 
coke , and most of the remainder leaving in the gas. 
Decomposition of Inorganic Sulphur 
Th d . . f . . 2 9 ' 6 0 e ecompos~t~on o ~ron pyr~tes commences at 
about 300-350°C , with pyrrhotite (a solid solution of sulphur 
in ferrous sulphide (FeS) formula FeS to Fes1 • 2) and sulphur 
. 29 91 121 122 
vapour be~ng formed ' ' ' • The dissociation pressure 
reaches atmospheric at 693°C, and the reaction proceeds very 
rapidly at 850°C. The reaction is accelerated by the 
presence of carbon above about 300°C, owing to the formation 
f b d . 1 h'd 121,156 I h f h d o car on ~su p ~ e • n t e presence o y rogen, 
decomposition occurs at about 300°C; carbon monoxide, moist 
carbon dioxide, steam and ammonia also accelerate the 
decomposition of pyrite to lesser extents. In coals, the 
reaction is normally complete at about 600°C, although this 
91 temperature may be dependent upon the coal rank • Most 
of the sulphur released by the decomposition of the pyrites 
is volatilised as hydrogen sulphide , the rest usually 
reacting with the coke to form complex organic compounds. 
17 
N.B. The method of analysis for mineral sulphides in coke 
may be of doubtful reliability, particularly if signi ficant 
quantities of organic sulphur are present10 • For this 
reason, results from the references quoted above should be 
treated with caution, as far as pyrrhotite contents are 
concerned. 
Pyrrhotite melts over the range 1100 to 1190°C, with 
some d . . 29 ecompos~t~on • 
The metallic sulphates present in coal are reduced 
under coking conditions to the corresponding sulphides113 • 
Again, the extent of this reaction appears to be dependent 
upon the rank of the coa191 and the coking temperature. 
Decomposition of Organic Sulphur 
Virtually nothing is known of the decomposition 
behaviour of organic sulphur in coal. However, a number of 
useful conclusions may be drawn from a consideration of the 
results of pyrolysis of pure organic sulphur compounds, of 
the type most likely to be present in coal. Much of the 
following discussion, on the behaviour of pure organic 
sulphur compounds on pyrolysis, has been abridged from the 
review by Given and Wyss 60 (who based their article on the 
publications of Hurd 76 , Emmett Reid50 , and Tarbell and 
H . h143) d h . d b J 81 arn~s , an on t e exper~ments reporte y ones , 
a co-worker of Given . 
In general, when aliphatic sulphur compounds 
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(e.g. mercaptans, sulphides and disulphides) decompose , 
some sulphur is split off as the element or hydrogen 
sulphide, but much remains attached to the alkyl groups. 
The reaction usually proceeds at an appreciable rate by 500°C. 
Some of these compounds include thiophene derivatives 
among their products of pyrolysis, e.g. the aromatic sulphides 
often undergo ring closure, forming complex thiophene 
compounds. Diphenyl sulphide gives dibenzo thiophene and 
benzene : 
+ 
+ 
Dibenzyl sulphide yields a variety of products when heated. 
Decomposition is detectable at 185°C and rapid at 262°C. 
The products include (a) stilbene, (b) dibenzyl, 
(c) toluene, (d) tetraphenyl thiophene, and hydrogen sulphide . 
CH2 CH 
s( ~ jj 
0 6 
(a) (b) (c) (d) 
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Th h . h . h b 12 . e t ~op ene r~ng system approac es enzene ~n 
thermal stability and, like benzene , when reaction does 
occur, gives a fair proportion of more highly condensed or 
otherwise stable structures in which the original ring 
system remains intact. Jones81 pyrolysed dibenzothiophene 
at 800°C, and found that benzene was the major product, 
together with a thermally stable char which contained 
virtually all the sulphur. He concluded that sulphur 
bound in thiophene linkages is not released during 
carbonisation, and also is not a source of thiophene in the 
coal tar distillate. 
Jones also pyrolysed the six- membered ring compounds 
thianthrene (a), thioxanthone (b), and thioxanthene (c) . 
(a) (b) (c) 
Thianthrene yielded benzene, hydrogen sulphide , carbon 
disulphide and thiophene, together with a char containing 
sulphur and carbon in a thermally stable complex . 
Thioxanthone and thioxanthene were both completely 
decomposed at 800°C, with all of the sulphur volatilised 
as sulphur dioxide and hydrogen sulphide, respectively. 
Jones pointed out that, although these structures are not 
thermally stable, they provide a source of reactive sulphur 
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for reaction with incandescent coke; he also noted that the 
pyrolysis of all of these heterocyclic sulphur compounds 
resulted in products normally found in the coal tar 
distillate. 
It seems, therefore, that on purely thermal treatment 
of organic sulphur compounds , the sulphur is not all 
eliminated, a large proportion often being fixed in a 
carbonaceous residue, either as a carbon-sulphur complex, 
or incorporated within highly stable and highly condensed 
aromatic systems, possibly as thiophene rings . Thus, if the 
comparison is valid, it might be expected that some sulphur 
would always remain in the coke after organic sulphur~ 
containing coal is carbonised. 
This view has been confirmed by all the experiments 
that have been reported in the literature; it is not 
possible, by purely thermal treatment (up to about 1200-
13000C), to remove more than at most about half of the 
sulphur originally present in the coal. The reason is, 
almost certainly, that when coals are heated some of the 
sulphur is converted to a more stable form, and that this 
reaction competes with the process of sulphur volatilisation. 
According to Trifonov146 , the organic sulphur fixation 
process is virtually complete at about 600°C . 
Organic Sulphur in Coke 
Knowledge of the chemical structure and behaviour of 
the organic sulphur compounds in coke is of a very 
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rudimentary nature,andis insufficient for a consideration 
of their possible role in any desulphurisation process o 
According to reference 7, the available information 
indicates three possible structures for the carbon- sulphur 
complexes in coke, in addition to the pyrolysis products 
discussed above: 
(a) Capillary condensation within the micropores of the 
carbon, as the element or as simple derivatives such as 
hydrogen sulphide or carbon disulphide. It is unlikely 
that significant quantities of sulphur are present in this 
form, since neither hi&h-temperature treatment nor solvent 
extraction is capable of removing other than very small 
quantities of sulphur from coke. 
(b) Incorporation of the sulphur in solid solution, or as 
part of the lattice structure of the carbon. No evidence 
is available to support this theory. 
(c) Retention of the sulphur on the internal surface of the 
carbon, as chemisorbed surface sulphides. Evidence 7 for 
this theory has come from the use of electron spin 
resonance to examine the formation and thermal stability of 
surface sulphides accompanying the interaction of specially 
prepared carbons with sulphur vapour and with hydrogen 
sulphide, under various reaction conditions. Tentative 
conclusions were "that surface sulphides made an important 
contribution to the organic sulphur content of coke; that 
their structure is essentially one involving bonding of 
sulphur at the edges of graphitic layers of carbon; and 
that dehydrogenation by sulphur and the interaction of 
sulphur with free radicals present in the coke or semicoke 
contribute to the formation of the complexes during the 
carbonisation of coal. Small crystallite size of the 
coke and the presence of defects of various kinds in the 
crystallite structure, as well as differences in acces-
sibility, would be expected to influence the retention of 
sulphur during carbonisation." 
Groups possibly present as surface sulphides include 
c ...........__ 
C __... S, C-SH, C = S, and thiophene rings. According to 
reference 7, it is not improbable that the sulphur - carbon 
complexes formed by surface reactions, and by pyrolysis of 
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sulphur compounds are essentially similar, and that in both 
the sulphur may be present in combination at the edges of 
the graphitic layers of the carbon, as thiophene residues 
or as sulphide linkages. 
. 69 144 As reported by The~ssen and Howard , the distribu-
tion of the coal sulphur between solid and gaseous products 
has been the focus of considerable study over the past 45 
years , the object being to determine the conditions under 
which the greatest possible amount of sulphur is volatilised 
during carbonisation. 
Most of the work done has involved empirical experiment-
ation on a wide variety of coals , in both laboratory and 
full-scale equipment. Because of the wide variations found 
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in the properties of coals from different areas , one would 
not expect the results to be either comparable or suitable 
for general application . However, after correlating the 
results for 443 cokes, prepared at carbonising temperatures 
from 500 to 1100°C and ranging from 0.47% to 4 ~ 00% sulphur 
in the cokes, Lowry, Landau and Naugle97 found that the 
percentage sulphur in the dry, ash-free coke (S ) could be 
c 
expressed in terms of the percentages of organic (SJ and 
pyritic (S ) sulphur in the dry, a sh- free coal , by the p 
expression : 
= 0.85 s + 0.86 s 0 p 
After summarising the work of various experimenters ~ 
Theissen144 determined the similar relationship : 
s 
c = 
0.45 s + 0 . 62 s 
0 p 
It appears, then, that the sulphur f r om both organic and 
inorganic sources is partitioned on the average in a 
similar manner between solid and gaseous products. Some 
confirmation of this view has been obtained from experiments 
in which radioactive s35 was used to follow the reactions of 
pyritic sulphur content of coals26 , 43 , 44 , but these 
conclusions have been disputed by other workers59 , 91 , 141 who 
find them to be true only for lower- rank coals. What 
statistical analysis has been done97 has not covered a very 
wide range of c oa l types, rela tive to the total variation 
found over the e a rth ' s surf a ce, a nd the trends observed have 
not been found to hold for coals high in organic sulphur and 
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1 . . . 1 h 40 ow ln pyrltlc su p ur • It is important to note , too , 
that the experiments97 upon which the statistical analysis 
of Lowry et al was based were made on coals of roughly 
comparable pyritic and organic sulphur contents, carbonised 
in the U.S. Bureau of Mines - American Gas Association 
laboratory carbonisation assay test equipment. As shown 
by Theissen, other types of equipment give different 
correlating equations. 
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VI. Production of Low- Sulphur Coke from High- Sulphur Qoal 
It is the purpose of this work to investigate the 
po s sibility of producing low-sulphur coke from high-sulphur 
coa l . To thin e n d, it is relevant to examine some of the 
var i ab l e s l ikely to be encountered, both in the coal itself 
a n d in t :1e cokin g process, and their effect on the sulphur 
composition of the resulting coke . 
J ~ ri ~~ las Affoctin~ t he Ga rbon i sation Process 
............ --· ·- - ·--- -----··-· -----·----~-----·-· ·---------- --,----
.l'l1e _ie. seou s Atmosphe re .Su rroundi ng the Ctl~r~~ During 
Carbonisation 
This appears to have a very great influence upon the 
relative proportions of sulphur volatilised and fixed in 
the coke. Gases used22 >69 >144 include direct steam, steam 
generated from moisture within the coking charge, steam and 
air mixtures, steam with nitrogen, hydrogen, chlorine and 
oil gas; carbon dioxide, nitrogen, hydrogen, carbon 
monoxide , water gas, hydrogen chloride, illuminating gas, 
anhydrous ammonia, methane, ethylene, natural gas, air and 
oxygen . None of these treatments has been found to be 
economical when applied to full - scale plant . 
Neutral gases, such as nitrogen, appear to have little 
effect; it is unlikely that they take any part in the 
process other than dilution of the gaseous reaction 
products as they are formed. 
Oxidising gases, such as air and air-steam mixtures, 
result in appreciable desulphurisation, but at the expense 
of heavy losses of coke due to combustion, and substantial 
deterioration in coke quality . 
Reducing gases, such as hydrogen and ammonia , which 
convert the sulphur compounds in the coal or coke to 
hydrogen sulphide, appear to be the most generally 
effective. Zielke et a1161 used hydrogen/steam mixtures 
to study the desulphurisation of chars in an experimental 
fluid bed, and found that pure hydrogen was much more 
effective, in terms of desulphurisation at a given 
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percentage carbon gasification . Fig. 3(a) shows that, for 
one particular char, in pure hydrogen , the sulphur content 
was a unique function of the percentage gasification of 
carbon, and was independent of pressure . It was also 
shown that by using a 15% methane/85% hydrogen fluidising 
gas, desulphurisation could be achieved without loss of 
carbon. 
The Sulphur Content of the Gaseous Atmosphere 
It is well-known that carbonaceous materials such as 
coke are capable of reacting with hydrogen sulphide, and 
th t th t . . 'bl 70,71,72 , 120,121,1Z2,123 a e reac 1on 1s revers1 e • 
The reaction appears to involve the formation of carbon-
7 55 59 70 118 120 142 . . 
sulphur complexes ' ' ' ' ' ' , w1th sulphur 1n 
solid solution, with sulphur atoms replacing carbon atoms 
in the graphite lattice, or with formation of chemisorbed 
surface sulphides; in each case resulting in a stable 
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but undesirable structure. From experiments involving the 
direct reaction of sulphur with coal , it has been suggested 
that the fixation of sulphur can be attributed to 
dehydrogenation of hydroaromatic structures in the organic 
matrix103 , or to dehydrogenation and cross - linking of 
aromatic nuclei79 , 88 • If coal is carbonised after heating 
with sulphur at 300-350°C, the yield of volatile · matter is 
drastically reduced and the coke has an incr eased sulphur 
79 . 
content • Sulphur can also be physically a dsorbed on to 
the coke surface, but in this case is relatively easily 
removed upon treatment with hydrogen at elevated temperatures . 
It appears, however, that these are not true equilibrium 
processes, because the results depend upon the thermal 
history and origin of the carbonaceous material. 
As a continuation of the work of Zielke et al , 
B h 1 l l6 b . d 'l ' b . d d f th ate e or et a o taLne equL L rLum an rate ata or e 
0 desulphurisation in a fluidised bed at 700-900 C, of a 
number of low-temperature chars, using hydrogen-hydrogen 
sulphide mixtures of various concentrations . It was found 
that, using gas of a given concentration, low- sulphur chars 
took up sulphur, and high-sulphur chars lost sulphur, in 
approaching their respective equilibrium compositions. 
The sulphur content corresponding to total inhibition could 
thus be bracketed by approaching it from both sides. 
Figs 3(b),(c) and (d) give typical total inhibition curves 
and show that the equilibria are dependent upon· both the 
type of char used and the temperature at which the process 
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is carried out. The p lateaux in Figs 3(b) and (c) corres-
pond to the equilibrium in the reduction of ferrous 
sulphide, FeS + H2 = H2 s + Fe. (All pyrite from the 
original coal had apparently been reduced to ferrous 
sulphide , during the char pretreatment stages.) From 
Fig. 3(d) the total inhibition for the organic sulphur 
content , like that of the sulphide sulphur , becomes more 
marked as the temperature is lowered . Fig . 3(d) also 
shows that the nature and prior history of the char has a 
considerable effect on the isotherm. 
From a relatively small amount of data on the rate of 
the process , the authors concluded that, for this system, 
the kinetics of sulphur elimination were roughly first 
order;. As has been shown by the results of a number of 
workers (summarised by Squires138 ), the gasifLcation of 
carbon by hydrogen is a first - order reaction, but the carbon 
reactivity is strongly dependent upon the previous thermal 
and environmental history of the carbon. It would appear, 
then, that the reactions of coal sulphur with hydrogen may 
be of a similar type. 
According to Volovik147who investigated cokes from 
three by-product coking plants in the Ukraine, there is a 
non-uniformity in the distribution of sulphur in the coke 
mass. Volovik states117 that the sulphur content in the 
coke " cake" rises from the axial part of the oven towards 
the heating· walls , i.e. in the direction of gas mov~ment 
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in the coal charge during coking, the difference in sulphur 
content being over 20%. This result implies a mechanism, 
117 
as reported by Pokhvisnev et al, whereby the gas generated 
at a later stage in the process, in passing through the 
surrounding layers of hot coke, reacts with this coke, 
thereby increasing its sulphur content. Such a mechanism 
had been previously suggested by Batchelor et a1 16 • 
The Presence of Mineral Matter 
At higher temperatures, it appears that the distinction 
between inorganic and organic sulphur becomes blurred; 
some of the sulphur released by the pyrites may, as 
discussed earlier, combine with the coke and form organic 
sulphur, while sulphur compounds deriving from the organic 
material can be taken up by the mineral matter . It has 
been shown that, in particular, calcium carbonate, iron 
'd 26 1 . 1 h 104 d 1 h . 17 ox~ e , ca c~um su p ate an coa as const~tuents 
prevent volatilisation of organic sulphur, converting it 
to inorganic forms. 
This behaviour was not appreciated until relatively 
recently, when radioactive tracer techniques were used. 
For this reason many conclusions reached in earlier 
experiments reported in the literature cannot be considered 
reliable due to the (implicit) assumption that the sulphur 
in the coke was combined in the same general manner 
(i.e. organic or mineral) as in the original coal. 
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According to Cernic-Simic , the effect is not 
observed in coals in which most of the sulph~r is present 
in organic form, particularly if there is a low ash 
content, since in such cases there is not sufficient mineral 
matter present to fix a significant proportion of the 
sulphur released. 
Volatile Evolution 
Although relatively little attention has been paid to 
the influence of this factor, it is claimed3 , 26 that the 
greater the volatile content of a coal, the lower is the 
sulphur content of the coke. 
As has been discussed earlier, it appears that the ratio 
aliphatic/aromatic sulphur is greatest in high-volatile coals, 
and for this reason, taking into account the known lower 
thermal stability of thioethers relative to ring compounds 
3
'
60
, it might be expected that these coals would experience 
a greater loss of sulphur during carbonisation than coals of 
lower volatile content. No evidence is available to 
support this suggestion. 
It is also interesting to note that, according to 
Angelova and Syskov3 , who coked pyridine extracts of coals 
(to exclude the influence of inorganic compounds of sulphur), 
the percentage volatilisation of organic sulphur compounds 
is always higher (by 8-13%) than the percentage loss of 
total volatiles from the coal. (This was observed in coals 
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in which only 5-10% of the organic sulphur was present as 
thioethers (the remainder, by inference, being in r ing 
form), and is almost certainly the result of a significant 
degree of decomposition of the aromaticalLy bound sulphur.) 
The results of Angelova and Syskov are supported by 
the data of Goswami and Roy61 for Baragolai coal (Assam), 
and Marshall and Draycott 100 for Tangorin coal (Australia). 
Table 3 
Sulphur and voLatiles losses 
at different coking temperatures 
Go swami and Roy Marshall and Draycott 
Temp. % loss of % loss of Temp. % loss of % loss of 
_l SUlJ.2hUr volatiles ~ SUlQhUr volatiles 
500 50 46.9 420 2.4 2 . ·41 
600 51 48.0 520 33.26 40.3 
700 54.5 46.9 620 54 41 .. 11 
750 55.3 46.9 700 57 44'~ 54 
800 61 47.0 800 58.2 47.17 
850 63 47.5 920 61 50 . 03 
900 63.5 48 
950 63.8 48 
(Coal properties : Baragolai, total sulphur 4.57%, 
organic sulphur 3 9 99%, volatile matter 46.1%, moisture 
3.33%, and ash 2 . 42% (air dry basis) . 
Tangorin, total sulphur 5.8%, organic sulphur 5.45%, 
volatile matter 54 . 2% (d.a.f. basis).) 
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0 At temperatures above 600 C, the percentage loss of 
sulphur is greater than the percentage loss of total 
volatiles. It is also interesting to note that, above 
500°C, the emission of total volatiles is close to completion, 
whereas sulphur loss continues steadily, up to the highest 
temperatures used. This behaviour is quite unexpected, 
since if one accepts the generally-held view that organic 
sulphur is an integral part of the coal "molecule", it is to 
be expected that · sulphur compounds would be given off at the 
same time and at the same rate as total volatile matter. 
One possible explanation is that the sulphur- containing 
parts of the coal molecule decompose more slowly than the 
other parts, probably via intermediate compounds of greater 
thermal stability, whichare not ,decomposed until higher 
temperatures are reached. 
Insufficient data are available to determine whether 
the differences in coking behaviour of the two coals are 
due to the coals themselves , or to the types of coking 
process used by . the authors. 
Rate of HeB;ting 
An increase in the rate of carbonisation of a number 
of British coals caused a small reduction in the percentage 
8 
retention of sulphur by the coke • 
In the opinion of the writer, it is also possible that 
the rate of heating influences the process of re-absorption 
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of suLphur on to the coke, because quick heating results 
in more rapid emission of volatile products , which would 
tend to flush suLppur compounds away from the coke 
surface before they had time to be absorbed. This view 
is at least partially supported by the experiments of 
Chukhanov et a132 (discussed in detail later) in which coal 
was heated extremely rapidly and then allowed to decompose 
isothermally. The extent of desulphurisation appeared to 
be greater than ·that for "conventional" coking processes 
at all temperatures above about 500°C, even for decomposition 
times as short as 0.35 ·seconds. Similar experiments by 
Kaliuzhnyi82 on the behaviour of forms of sulphur in a 
shale, subjected to this very rapid pyrolysis, indicated 
that the evolution of organic sulphur proceeds to a 
considerable extent at temp~rat~res above 350°C for a 
decomposition time of 5 minutes. An important aspect of 
these experiments is that, during the initial stages of 
coking, the particles of coal or shale were falling freely 
through a stream of fresh nitrogen, &nd the consequent 
rapid flushing away of the volatile products (including 
volatilsed sulphur) would prevent re-absorption of sulphur 
by the hot coke. 
Chukhanov. et al have also shown that there is a very 
great difference in yield and composition of the various 
volatile products, between slow and rapid heating; this 
result has been confirmed by Loison and Chauvin9~ and by 
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Peters and Bertling115 , . both of whom independently studied 
rapid coking in types of equipment quite different from 
that of the Russian workers. The effects of rapid coking 
on the composition of the coke were not reported in detail, 
but it was implied that an appreciable effect was observed. 
Another effect that may be related to the rate of 
heating is the connection between volatile evolution and 
sulphur content, discussed above. A number of experiments 
(considered in more detail later in this survey) involving 
. . 49 79 95 115 160 rap~d heat~ng of coal ' ' ' ' have shown that the 
volatile matter evolution on rapid heating is greater than 
that determined according to the B.S. test, in some cases 
an increase of as much as 50% being observed . Therefore, 
if sulphur loss can be assumed to be related to volatile 
emission, it is to be expected that a change in the rate 
of heating will affect the sulphur content of the coke . 
It is not known which of these effects - volatile 
evolution, sulphur reabsorption or product distribution -
has the greatest influence as far as the effect of rate 
of heating on residual sulphur content is concerned. 
Coal Rank 
26 59 91 141 It is claimed by a number of workers ' ' ' that 
the retention of sulphur in the coke (both organic and 
total) is a function of rank, low rank coals liberating 
appreciably larger proportions of sulphur than high rank 
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coals . However, the available data show a wide spread , 
d d . cv • \J s. ....... 26 .;t . b bl h h an accor ~ng to ern~c- ~m~c L ~s pro a e t at t e 
effect of rank is closely bound up with that of volatile 
content . Nevertheless, the ratio aliphatic/aromat i c 
sulphur appears to be much lower in high rank coals , and 
the different decomposition behaviour of these two classes 
of compound could therefore affect the residual sulphur in 
cokes made from coals of different rank. 
TemEerature and Pressure 
The sulphur content of coke apparently decreases with 
. . b . . 26,56,57,61,100 ~ncrease ~n car on~sat~on temperature ; 
this is to be expected, in that harsher conditions are 
more likely to cause thermal breakdown of sulphur compounds, 
and desorption of adsorbed sulphur. 
According to Davis et a138;in the gas from low-temperature 
carbonisation, mercaptans are dominant, and carbon disulphide 
almost absent, whereas in the gas from high-temperature 
carbonisation the reverse is true; some carbon oxysulphide 
is also present in some cases. As Fuchs55 bas shown by 
thermodynamic analysis, at 900°C aliphatic sulphur compounds 
in the gas phase are decomposed, and only hydrogen sulphide, 
carbon disulphide and carbon oxysulphide are stable. 
It is claimed that the effect of low pressure during 
carbonisation is that sulphur retention tends to increase, 
. l 1 h' h 11 , 144 h h' h part~cu ar y at ~g temperatures , w ereas ~g 
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pressure reduces the temperature at which changes occur 
d . b . . 134 . . t . ur~ng car on~sat~on , ~.~. a any g~ven temperature, an 
increase in pressure causes a reduction in the sulphur 
content of the coke. In the opinion of the writer, it is 
unlikely that this is due to high pressure influencing the 
reaction$ of volatile sulphur witp coke, since the 
opposite effect would be expected from thermodynamic 
considerations. However, high pressure would favour such 
reactions as hydrogenation of coke sulphur, and so it is 
possible that some such effect may have been present, 
particularly at temperatures at which hydrogen evolution 
proceeds rapidly. 
Particle Size 
When qarbonising coal ~n laboratory~sca~e equipment 
in the presence of hydrogen , it has · been observed117 that 
a very great increa$e in desu1phurisation oc~urs for 
particles smaller than 0.2 mm, compared with particles 
larger than about 1 mm , for the same period of treatment. 
However , it is highly probable that this is due to more 
rapid reaction of hydrogen with sulphur in the coke, 
rather than with coal sulphur. compounds during the coking 
process; evolution of gases from the coal would reduce 
counter- diffusion of the hydrogen until the main process 
of gasification was complete. 
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Presence of Solid Additives 
Theissen144 and Howard69 have summarised the results 
of a great many experim~nts, reported in the literature, 
in which various solid chemicals were added to the coal 
ch~rge before or after carbonisation, with the intention 
of increasing the volatility of the sulphur in the coal, 
or else of preferentially combining with the sulphur. 
In the latter case, the combined form would be harmless, 
as far as the end use of the coke was concerned, or be in 
a form tqat could easily be leached out, thereby removing 
the sulphur in its compound form with the additive. In 
some cases, this treatment was combined with the use of 
various gases during carbonisation. 
Add 'ti d . 1 d 5,22,33,37,51,59,61,69,81,84, ~ ves use ~nc~u e 
91,96,105,106,126,144 d h d d 1' 1 . ry or y rate ~me, ca c~um, 
magnesium, manganese, iron, and aluminium oxides; sodium, 
calcium, and magnesium carbonates; magnesium and silicon 
dioxides; calcium, iron and magnesium phosphate~; calcium 
orthosilicate, Portland cement, caustic soda; ammonium, 
calcium~ sodium, magnesium, zinc and tin chlorides; pure 
iron, iron ore, metallic catalysts (magnesium, chromium, 
copper, calcium and lead compounds), potassium chlorate, 
calcium hydride, ferrous sul~hide, sodium bicarbonate, 
sodium aluminate, alkaline cyanide, dolomite, sodium 
borohydride and pyromellitic dianhydride. 
In many instance~, the treatments outlined above have 
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been very successful from the point of view of des~lphur-
isation of the coke, but other disadvant~ges - notably 
the effect on other aspects of coke quality and the cost 
of the treatment - have prevented practical implementation 
of the exper~mental findings. 
Desulphurisation of High~Organic~Sulphur Coals 
I , I 
Taking into account the chemistry of organic sulphur 
compounds of the types c~nsidered above, reduction with 
hydrogen seems to be the most promising avenue of invest-
igation into the p~oblem of desulphurising high-organic -
sulphur coals, from both theoretical and practical view-
points. Oxidation would not be so effective, since 
conditions sufficient to oxidise the sulphur compounds 
cause serious coke losse~ by combustion , The use of 
solid or liquid additives does not seem promising either, 
due to the complexity and cost of these methods and the 
doubtful quality of the end product. 
It also appears that rapid heating may have an 
appreciable effect on the composition of the coke produced; 
this factor is worth investigating. It is aLso important 
that mass transfe~ oondit~ons during carbonisation are 
such as to ensure re~oval of volatile products before they 
have the opportunity to react with the hot coke . 
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VII . Kinetics of Carbonisation Processes Suitable for 
Maximum Desulphurisation of Coal 
I I 
From the preceding sect~ons, it will be apparent that 
in order to study the de~o~position of organic sulphur in 
coal, certain precautions must be taken to reduqe th~ number 
of variables ~nfluencing the resuLts. 
Firstly, the gas~ous atmosphere surrounding the coal 
particles must ~~ free from carbonisation products, 
especially sulphur compounds. This will ensure that 
reabsorption on to the coke is small, and means tnat 
individual coal particles must be coked in clean gas, in 
relative isolation from other particles, to minimise 
mutual interference. 
Secondly, apart from the previously mentioned 
advantages of rap~d heating, it is desirable that the 
carbonisation be carried out under isothermal conditions, 
so that the mechanism of decomposition may be more easily 
studied at different cokin~ temperatures . The coal 
particle must therefore be sufficiently small for heat 
conduction with~n the particle to be rap~d, and coking 
conditions must be such that the rate of radiation and/or 
convection heat transfer at the surface of the particle 
is as high as possible. 
Only two techniques seem capable of satisfying the 
requirements listed above: fluidised bed and disperse. 
phase carbonisation (shown sch~matically in Fig. 4). 
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In disperse ?hase carbonisation the coal , in the 
form of a fine stream or c~oud of particl~s, is entrained 
in a gas and pass~d tprough a heated tube, or allowed to 
fall freely through a stream of gas in a vertically~ 
mounted heated tube . In ~he former case the coal/gas 
flows are cocurrent, ~nd in tne latter case usua~ly 
countercurrent , The tube may be heated externally, or 
internally by the u~e of heated gas or by partial 
b . f h 1 It . l . . d 160 h h · com ust~on o t e coa , ~s c a~me t at eat~ng 
rates of the order of 107 °C/min. can be achieved in 
disperse phase carbonisation. 
The best way of ensuring rapid 
heating of the coal in a fluid bed is to inject small 
quantities of fine coal into a preheated bed of some 
inert solid such as sand114 , 116 , 139 • The inert solid 
acts as a heat carrier and, with the known high heat 
transfer characteristics of f1uidised beds, the coal 
particles rapidly reach the temperature of the bed. The 
inert material should be present in considerable excess 
for two reasons : the endothermic heat demand of the coal 
would otherwis~ lower the temperature of · the bed appreci-
ably; and the dilution of the coal by the inert · solid 
reduces the effects of ineerference from the carbonisation 
products of other coal particLes . The fluid bed ~lso has 
the advantage that carbonisation products are rapidly 
flushed away by the incoming fluidising gas , 
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Various combinations of fluid bed and disperse-phase 
methods have been used for char and gas p~oduction in the 
~ 150 U.S.A. (U.S. Bureau of Mines)andAustralia (C.S.I.R.O . 
and B.H.P.111,133)). 
Since these two techniques have been used in a number 
of studies of the kine~ic~ of volatile evoLution from coals 
under isothermal conditions , a discussion of the results of 
the investigations would not be out of place in this 
survey. (Some of the information in the following sections 
was obtained from the reviews by Jones80 and Yellow160.) 
Disperse Phase Carbonisation 
, f I 
The disperse phase system of carbonisation was patented 
in the U.K. in 191393 and 1918157 , and used in the U.S.A. 
for the commercial-scale production of low-temperature 
coke in the 1920 's . 85 , 125 , 137 More recently, the method 
has been used in pilot-scale retorting of shale21 and in 
various forms for gas and char production in the U.S.S.R. 
32,110 US A 9 A t 1 . 111,133,150 d UK 34 , . . • , us ra ~a an • • • 
The behaviour of · coal particles subjected to this type 
of treatment was first studied by Sinnatt et al in 1922109 , 
131 Their observations 1Z5 included measurements of the 
volatile content and coking ability of the product at 
different temperatures , and a detailed microscopical 
examination of the coked particles, which were hollow 
globules, termed cenospheres. 
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The first detailed fundamental study of the kineti cs 
and mechanism of coal decomposition, using this technique, 
was carried out by Russian workers under the general 
direction of Chukhanov14• 
. 30 31 Theoret~cal work by Chukhanov ' has shown that coal 
particles smaller than 100 microns can be heated by hot gas 
to 95% of the temperature of the gas, within 0.1 sec, and 
those of 20 microns w~thin 0.004 sec. His analysis does 
not include effects due to radiation from the walls of the 
vessel, the insulating effect of the envelope of the 
particle's own distilLation products, or the effects when 
concentrations of particles are sufficiently high for those 
at the centre of a cloud to be subject to conditions 
radically different from tho~e at the outside of "the cloud. 
The endothermic heat demand of tn~ carbonising coal was 
also ignored . 
Th f . . 14,31,130 . d b e ~rst exper~ments · carr~e out y 
Chukhanov and co ~workers involved dropping samples of 
Moscow-district and Cheremkhovo fine coals down a heated 
tube , through a gentle countercurrent stream of nitrogen . 
Longer residence times were obtained oy collecting the 
coke in a small cup within the furnace, and tipping the 
contents out into a water spray after the required 
decomposition time. After drying and weighing, the coke 
was an~lysed tor volatile matter, and the volatiles 
released obta~ned by difference . (The authors do not 
investigate the assumption, implicit in their work and 
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mentioned explicitly in their later papers , that the 
maximum volatile evolution in the rapid heating process 
is the same as that measured by heating slowly in the 
standard test methods9 They also ignore any effects 
resulting from the rapid quenching of hot coke by cold 
water.) 
It was found that that the rate of devolatilisation 
was extremely rapid during the first 095 second of 
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carbonisation, and continued much more slowly for the next 
three minutes, after which the evolution of gas virtually 
stopped. 
In order to study the behaviour of the coal during 
the initial stages of carbonisation, a more elaborate 
experimental technique was developed, in which small coal 
particles (0-74 microns) were entrained in a stream of 
superheated steam and carbonised for short periods before 
quenching in a water spray . It was found that there was 
an extremely rapid loss of volatile matter duri ng the 
f i rst 0 . 1 second followed by a slower (by a factor of 
about 10) but still appreciable loss between 0 . 1 and 0.5 
second. (The authors did not take account of possible 
effects of the superheated steam on the carbonisation 
process . In the writer's opinion, it is not inconceivable 
that such an effect may have been present, although its 
influence might well be minor, especially during the early 
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stages when an envelope of volatile carbonisation product s 
still surrounds and insulates the particle.) Typic a l 
data for decomposition were : 75% of volatiles generated 
in 30 seconds, a n d 90% within 5 minutes. 
On the basis of the results obtained, Chukhanov et al 
divided the process of thermal decomposition under rapid 
heating conditions into three main stages : 
Stage 1 - Extremely rapid carbonisation during the first 
0.1 second , charicterised by the high content in the 
volatile products up to 450- 550°C) of oxygen- contai n i ng 
gases, suc h as H20, co2 and CO. The yield of vo l a tile 
products during this period is usually higher , the greater 
77 the content of oxygen in the coal. Sulphur compounds 
0 
are not given off until temperatures of about 500 C are 
reached 9 and then only in small amounts; tarry products 
also do not appear before this temperature. This stage 
is closely connected with the heating of the coal and may 
be bound up with the release of absorbed or adsorbed water. 
The initial stage can be broken down into two further 
stages : the firs t of duration 0 ~,0.06 second ( " activation 
energy".,._.a bout 7 Kcal/mole), and the second of up to 0.1 
s e c ond ( "activation energy" 9 Kcal/mole). Even so ~ 
several reactions are in fact proceeding simultaneously, 
and values of rate constants and activation energies are 
*Footnote on p.45. 
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t herefore averaged over the assumed first - order decompos-
ition reacti on. 
Stage 2 - Principal thermal decomposition, at a relatively 
much slower rate, proceeding for 2 ~ 3 minutes ("activation 
energy" 6.3 Kcal/mole), the main products' being the 
valuable gaseous hydrocarbons and tars. Organic sulphur 
compounds 77 are liberated during this stage. 
·1'<'1[e llow160 has pointed out that unless the mechanism of 
the reaction is known ~ a ctivation energies derived from 
experimental rate constants, even for simple solid-state 
reactions, may be seriously in error. Since the 
mechanisms of the reactions involved in the pyrolysis of 
coal are completely unknown, all "activation energies" 
quoted for this process are dubious and empirical . 
Additional uncertainties arise from possible transitions 
between chemical and physical rate control as particle 
size~ t emperature and heating rate change , and the many 
possible ways of defining the extent of reaction and 
amounts of reacting material. Provided the broad 
reaction scheme assumed i s similar in each case, however, 
experiments under the same conditions should give rise 
to comparable apparent activation energies; while 
providing a useful way of empirically describing the 
temperature-dependence of the devolatilisation reaction , 
relatively little chemical or physical significance can 
safely be drawn from the results. 
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Stage 3 - Degassing of the coke, proc eeding at a very 
slow rate for up to several hours ~ duri ng which main l y 
methane and hydrogen are releasedo About 15- 20% of ~he 
total volat ile matter i s given off in this stageo 
The smallness of the " activation energies" probab l y 
implies that the decomposition is c ontrolled by physical 
rather than chemical processes o It is cla i med by 
160 Yellow , however , that subdivision of the decomposi~ion 
.curves into a set of reactions with def i n ite activation 
energies assi gned is not justifiedo 
It is possible that the third stage is a c least 
partly related to the release of gases adsor bed or 
absorbed while the coke is in a stagnant film of its own 
carbonisation products o This may be a result of t he 
layout of Chukhanovis apparatus , in which the c oa l , 
after primary heating ~ drops into a cup in the lower part 
of the furnace to be retained at c onstant temperature 
until quenched o Partial support for this hypothesis is 
provided by Stone et a1 139 (see later) who suggest that 
the low acti vation energy for the third stage i ndicates 
that the process is controlled by some physical facto r 
such as pore diffusiono 
From a k i netic analysis of the resul t s of the 
experiments, Chukhanov has postulated that the decompos-
ition of coal proceeds as a number of c omplex seri es and 
parallel independent reactions, each of the first order , 
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but having different activation energies and rate constants . 
His results , confirmed in essence by other workers 
(discussed later), conclusively disprove the theory of 
28 87 89 90 . . 
van Krevelen et al , ' ' wh~ch cons~ders the decompos~ 
ition of coal to proceed as three simple consecutive 
reactions . If this theory of pure consecutive reactions 
were correct, then no change in carbonisation conditions 
(in particular , the rate of heating) would affect the 
final product distribution at any particular temperature . 
. 14 32 The experLments of Chukhanov , have shown a v ery 
considerable effect of disproportionality between the yield 
and nature of the products obtained at high and low heating 
rates, thus showing that at least some of the decomposition 
reactions occur in parallel, and not in series . However , 
it should be noted that the theory of van Krevelen et al 
was developed purely as a mathematical model to describe 
some of the phenomena occurring during the heating of coking 
coals; its authors are aware that their model is a 
considerable over- simplification of the "true" process. 
Unpublished work by B.C.U . R. A. on the devolatilisati on 
rates of rapidly- heated fine coal (reported by Yellow160 ) 
indicates that the rapid initial loss of volatiles can only 
be accounted for by rate-controlling processes of a 
physical j rather than chemical (i. e . bond breakage) nature . 
Yellow suggests that the initial stages of decomposition 
of coal involve a series of simultaneous reactions and 
physical processes > in which the products formed may be 
(a) fragments of coal substance carried away by 
escaping gases , (b) large molecules evaporated from the 
coal surface, or (c) small molecules that rapidly 
polymerise, or by a combination of all three of these 
mechanisms . 
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Mechanism (a) is supported by examination of the 
volatile solids (no liquid tars were detected) produc ed 
by rapid heating of small coa l partic les at temperatures 
Infrared absorpt i on analys i s showed that 
the composition of these solids was very s i mi lar to that 
of the original coal , but contained slightly less non-
aromatic material. Ac cording to Yellow) " These results 
would be expec ted if fr agments , perhaps of molecular 
size , of the coal particles were ejec ted into the hot gas 
stream in which the particles were dispersed ~ and there 
decomposed by a chemically~rate-controlled reaction , 
losing some of the aliphatic groups or alicyc l ic hydrogen." 
According to any of these mechanisms, it is probab l e 
that with longer resi dence times further reactions would 
occur , in which the volatile products were c racked or 
polymerised, in both cases giving rise to gaseous , and 
probably liquid and solid products. Eddinger et at46 , 
in experiments similar to those reported by Yellow, report 
that at temperatures above 1300°C significant quantities 
of carbon are produced (in addition to char~ showing that 
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volatile hydrocarbons are cracked in the vapour pha s e to 
form soli d products. 0 In one experiment at 1300 c, t he 
solid product contained 16 . 2% of vapour- crac ked car bon . 
Yellow has stated that the differenc e in so l ids yield 
between rapid and slow (packed bed) c arbonisati on can be 
explained,in terms of the above mechanisms , by postu l a ting 
that escape of the primary vo l ati le produc ts c annot o c cur 
before they reac t i n some way to produc e l a r ge l y i n volatile 
products , t ogether with ·small amounts of gases by c hemical 
proc esses (e . g. bond breakage and d i ssociation) . I t i s 
the s e secondary proc esses that appear as the "initi al 11 
reacti ons , i n studi es o f the k i netic s of devo l atilisation 
involving slow heating i n packed beds 9 thereby explai ning 
the relatively h i gh " a ctivat i on ener g i es" (of the o r der of 
45 - 60 kcal/mole , for bituminous coals) found by suc h 
workers as van Krevelen et a189 • 
Flui d i sed Garboni sation 
The k i netics of volatile evolut i on from c oal i n a 
flu i dised bed were f i rst investi gated by Stone et at139 i n 
1954. These workers injected fine coal into a flu i d bed 
of sand , and wi thdrew samples of the produc-t at regular 
intervals for determinati on of volatile content . Their 
results are consistent wi th the theory of Chukhanov , 
namely that the evolution of volatiles proceeds in 
essentially three stages . "Activati on energi es" obtai ned 
for the three first - order consecutive reactions differed 
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substantially f rom those obtained by Chukhanov14 , being 
26 . 2, 23.4 and 6 . 7 Kcal/mole, respectively. However, 
it is not possible to compare the two sets of results 
because of the differences in interpretation of the 
duration of the first and second stages of decomposition. 
It is also important to note that there was an uncertainty 
of at least 50°C in the bed temperature during the first 
100 seconds after introduction of the coal sample, yet it 
was within this period that the main kinetic data were 
obtained. The arbitrary division of the decomposition 
curve into three stages may therefore be incorrect, and 
the "activation energies" unreliable . 
A different approach was made by Pitt116 in inter-
preting results obtained from experiments in equipment 
similar to that of Stone et al, but modified to ensure 
that final temperatures were reached much more quickly, 
i.e . in the first 10 seconds, compared with about 5 
minutes in Stone's apparatus . Pitt made no attempt to 
resolve the experimental curve into a limited number of 
first-order reactions, but found that the data fitted 
satisfactorily an empirical equation of the form 
vt 
v 
0 
= A - Blogt, 
where Vt/V
0 
is the fraction of volatile material in the 
char after a time t. This form of equation does not 
correspond to a single first-order reaction, but is 
characteristic of a system comprising a large number of 
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independent first - order reactions , covering a wide range 
of activation energies. The ·physical significance .of 
Pitt's theory, as described by Jones80 , is as follows: 
"At any particular temperature, those reactions with low 
activation energy are responsible for the very rapid loss 
of volatile matter which occurs initially. Those 
reactions with moderate activation energies give rise to 
the slow loss of volatile matter following the initial 
' 
rapid loss. Finally there are reactions with activation 
energies so high that their rate is negligible at - a 
particular temperature. When a higher temperature- is used, 
however, some reactions with moderate activation energies 
will become fast and contribute to the initial rapid fall 
of volatile matter. Moreover those reactions with high 
activation energies will then proceed at a measurable rate 
and contribute to the slow loss of volatile matter 
following the initial rapid loss. " 
All the experiments described so far have been in the 
low-temperature carbonisation range of 300-700°C. The 
range 700-1100°C has. been studied by Peters114 , who 
injected coal into a large, vigorously stirred mass of 
granular corundum, preheated to the requirea temperature. 
Volatile evolution was measured by collection of the 
volatile products at 0.5 second intervals. (This system 
of carbonisation has been developed commercially as the 
L-R (Lurgi-Ruhrgas) Process 115.) 
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The data showed a very rapid initial gasification 
rate, lasting about 1- 3 seconds , and the majority of the 
volatile evolution within 3-6 seconds, for temperatures 
of 1100-700°C respectively in both cases. Moreover , 
the rate of evolution was constant over the first, and 
major, portion of the curve, during which about 75% of 
the volatile evolution occurred, i.e. the reaction is of 
zero order. The activation energy for this stage was 
found to be only· 2.6 Kcal/mole , which implies that the 
rate-governing step was of a physical rather than a chemical 
nature, at high temperatures. Peters postulated that at 
these temperatures the rate of volatile emission is 
governed by the rate of distillation of the metapiast from 
the coal particles , and that owing to the latent heat 
demand the coal particle surface remained at 350°C until 
all the metaplast had been evaporated and possibly cracked. 
This does not conflict with the theory of van Kevelen et 
al (derived from slow primary degasification below 500°C) 
that the primary decomposition of coal first produces 
metaplast, but indicates that at temperatures above 700°C 
the physical process of evaporation may be the -slowest, 
and hence the rate- controlling factor. According to 
160 Yellow , however, the results of Peters are opert to 
doubt, in that the rate of heat transfer to the particles 
of coal may have b~en the controlling factor, rather than 
the rate of evaporation of metaplast; the coal would 
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therefore be at an unknown temperature during this early 
stage of devolatilisation. 
It appears, then , that carbonisation under conditions 
such that heating is extremely rapid , gives rise to very 
considerable changes in the composition of all of the 
products, compared with the products of slow "conventional'' 
coking. To evaluate the effect of such changes on the 
J 
sulphur content· of the residual coke , it is now · necessary 
to summarise published information on the behaviour of 
coal sulphur during rapid carbonisation. 
54 
VIII. Behaviour of Coal Sulphur during_<Rapid Carbonisation 
The first experiments of this type were carried out by 
Snow136 in 1932, who dropped 20-40 mesh coal down a 1.5 in. 
dia. by 4 ft long tube furnace , against a countercurrent 
stream of hydrogen. Only two runs were reported; for a 
furnace temperature of 1000°C and a coal feed of 130 gm/hr 
the results were as follows. 
Hydrogen 
flow. cfm 
0.0137 
0.0183 
Table 4 
% Loss 
in_wt_ 
41.1 
39.9 
% sulphur 
in residue 
3.99 
3.64 
% sulphur 
~oval 
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The additional desulphurisation due to the increase 
in hydrogen flow rate may be due to the consequent increase 
in residence time; it is not unlikely that any difference 
is masked by the experimental errors inherent in this type 
of work. No details are given as to the relative 
proportions of organic and mineral sulphur in the coal or 
coke. 
As part of an investigation into the differences in 
the carbonisation behaviour of coals for rapid and 
conventional (slow) coking processes, Chukhanov32 et al 
describe the change in elemental composition of a coal, 
in terms of its carbon, hydrogen, sulphur and(oxygen + 
nitrogen) contents. (Fig. 5) Unfortunately, the results 
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are not reported in full , the data obtained referring 
only to a time of 0.35 second, for the rapid carbonisation 
process. Thus, the two processes cannot be properly 
compared, since in a previous paper of Chukhanov30 it 
was reported that most of the sulphur compounds are given 
off in the second main stage of rapid carbonisation, 
between 0.1 second and 2- 3 minutes. However, the extent 
of sulphur removal during this very short carbonisation 
indicates that appreciably greater desulphurisation might 
be possible with longer contact times. 
The most valuable work, although in an associated 
field, has been carried out by Kaliuzhnyi82 ; a co-worker 
of Chukhanov, on the behaviour of the different forms of 
sulphur during the rapid pyrolysis of a Volga shale, 
~ontaining 4Q2% total sulphur, of which 11.9% was sulphate, 
32.4% pyritic and 55.7% organic sulphur. The temperature 
range studied was 310-520°C , with times of heating of 0.15 
second, 5 and 20 minutes, and 4 hours. The results for 
the influence of temperature on the total sulphur in the 
residual shale are . shown in Fig. 6. -
The shaded portion at the top of the graph represents 
the original sulphate sulphur, claimed to have been 
leached out by the quench water. However, it should be 
noted that under coking conditions, sulphates are at least 
·partially reduced to the corresponding sulphides91 , 113 , 
so the quantity of sulphate in the shale would certainly 
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not remain constant under the conditions described. 
The graph supports the conclusion of Chukhanov30 , 
that the liberation of sulphur during the first stage 
(0-0.1 second) of rapid carbonisation of coal is small, 
the main products being formed during the second (up to 
3 minutes) stage. Thefact that the cui"ves for 5 and 
20 minutes cross at high temperature indicates that the 
scatter of results due to experimental error may be such 
that there is little significant difference between the 
result for 5 minutes decomposition, and that for longer 
0 periods,at temperatures other than about 400 C. 
Alternatively, the emission of volatile matter above 450°C 
may have continued after sulphur volatilisation had ceased. 
No experiments werereported at temperatures above 520°C, 
but it seems probable that further desulphurisation would 
have resulted. 
Unfortunately, no comparative results are available 
for the slow (conventional) retorting pf this shale, but 
the author compares his results with those for a similar 
shale, indicating that with rapid heating the extent of 
desulphurisation is appreciably greater at temperatures 
less than 450°C, but above this temperature the advantage 
may be re la ti ve ly small. 
Kaliuzhnyi also carried out a series of experiments 
to determine the effects of temperature and coking time 
on the distribution of individual varieties of sulphur 
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between solid and volatile products. As in the earlier 
series of experiments , the sulphate sulphur content was 
assumed to be constant , and hence the results are not 
complete. However , some interesting conclusions may be 
drawn from the behaviour of the other components. (Fig. 7) 
It is apparent that the initial generation of organic 
sulphur proceeds very rapidly indeed ~ at 450°C after 
0.15 second, about one~ third of the original. organic 
sulphur is volatilised. It is also apparent that the 
later stages of volatilisation of organic sulphur proceed 
very much more slowly. In fact, the initial rate of 
decomposition apparently exceeds that in the following 
period by more than a thousand times. The author 
suggests that this can only be explained if the decompos~ 
i tion of organic sulphur can be considered as occurring 
in two separate stages, or that two different compounds 
or groups of compounds decompose, with widely differing 
kinetic characteristics. (In this context, it should 
be remembered (see earlier) that organic sulphur in coke 
may be derived from either organic or mineral sulphur in 
the original coal.) 
As can be seen from Fig. 7, the decomposition of 
pyritic sulphur proceeds slowly at temperatures below 
330°C, but with increase of temperature above 400°C more 
than half of the original material is decomposed within 
5 minutes. 0 Above 450 C, it appears that the equilibrium 
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is reached i n rather l ess than 5 minutes , the change in 
shape of t he curve indicat ing a possibl e change in the 
process of decomposition of the pyrites . It seems 
highly probable that ) at temperatures h i gher than about 
550°C, virtually all the pyritic sulphur would be 
· decomposed within 5 minutes coking time . 
Slight generation of ferrous sulphide , up to 5% of 
the total sulphu~ , i s reported at temperatures above 
400°C , but thi s ·is very much less than would be expected 
' f 't d d d . 1 F S h · 29 , ~ pyr~ es ecompose 1.r:ect y to e or to pyrr ot1.te 
121 Therefore , it appears possible that pyrites 
decomposes d i rectly to free i ron , the sulphur being 
volatilised , or else combining dir ectly with the hot coke. 
Since decompos i t i on of pyri tes c onti nued to proceed 
rapidly above 500°C (at which temperature the evolution 
of other volatile matter is appreciably reduced), and the 
curve of organic sulphur content shows no irregularity, 
it is not unlikely that the sulphur has been volatilised , 
possibly as carbon disulphide 70 • However, as has been 
noted earlier, the method of analysis for pyrrhotite in 
coal may be unreliable i n the presence of quantities of 
organic sulphur, so the possibility of analytical error 
cannot be d i scounted . 
The work of Kaliuzhnyi provides the only detailed 
information available in the literature regarding the 
behaviour of sulphur during rapid coking . Although 
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confined to shale , rather than coal , it is not unreasonable 
to use the results as a guide to the behaviour of the forms 
of sulphur in the rapid coking of high- sulphur coals. 
Work in the Department of Chemical Engineering , 
Univ~rs ity of Canterbury, on the behaviour of sulphur 
during carboni sation was started by Collins36 in 1959 
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under the d i rect i on o f Professor s. R. Siemon . Siemon 
and Collins designed and bui lt a small fluidised sand bed, 
heated by gas f rom another bed mounted immediately below, 
in which was immer sed an e lectri~al heati ng element (Fig.8). 
Coal injection was v i a t he glass bypass line, pressure 
drop across the porous d i stri butor plate being sufficient 
to ensure adequate gas f l ow through the i njector . 
Although thi s stage was not reached by Collins , it 
was planned that coal would be carboni sed in atmospheres 
of various reducing gases , the outlet gas being analysed 
for sulphur compounds . The residual sulphur in the coke 
would be obtained by passing air through the bed, the 
outlet gas again being analysed , this time for sulphur 
oxides and carbon dioxide , the latter to obtain a value 
for the quantity of coke produced , and the sulphur/carbon 
ratio in the coke. 
The work was continued by Watson151 in 1961 , who 
refined the orig i nal equipment and e x tended it to include 
purification of the supply of coal gas , which was the 
reducing gas to be used in the first · series of experiments. 
Watson also constructed an analysis train, and took the 
project virtually to the stage at which experimentation 
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could commence • 
. A flow diagram of the apparatus is shown in Fig. 9. 
Since coal gas contains some sulphur compounds, Watson 
installed an activated carbon adsorber to remove 
thiophene, and a tube furnace packed with a sulphur-
100 
acceptor , to remove any other sulphur compounds. 
The coal injector and furnace were also modified (Fig.lO), 
the injector con structed by Collins being found to be 
unsatisfactory -in operation. 
The outlet gas from the bed was to be analysed by 
absorbing the hydrogen sulphide in zinc acetate solution, 
the quantity being determined by the methylene blue 
method99 • 
In order to ensure that all volatilised sulphur was 
in the form of hydrogen sulphide, the gas was first 
passed through a tube furnace packed with chips of fused 
silica. The intention was that, in the presence of a 
large excess of hydrogen from the coal gas, all high 
molecular weight compounds (e.g. tars, etc) would be 
cracked and reduced to simple saturated hydrocarbons, 
d 11 1 l h d h d 1 h .d 151 an a comp ex su p ur compoun s to y rogen su p 1 e • 
It was at this stage in the project, at the 
beginning of 1962, that the writer commenced work, 
under the direction of Professor Siemon. 
Watson 8 s plans were followed in making the first 
trial runs. Unfortunately, trouble was experienced 
due to a number of factors, the first of which was 
sticking of the c oal in the injector tube. -This tube 
entered the bed through the top plate and hence was 
heated by the gas flow for most of its length. 
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Although the gas used to drive the coal was cold, it 
appeared that) due to contacting the sides of the tube, 
the coal was heated to its melting point before expulsion 
into the bed ~ with consequent rapid blocking of the tube. 
Use of higher ·gas flows partially resolved the pr~blem~ 
but at the cost of serious disruption of the flow pattern 
in the fluid bed. However ~ it was noted that the 
evolution of volatile matter from the bed occurred very 
rapidly, after injection ~ within two or three seconds, 
at a temperature of about 700°C. 
Another problem was that it proved virtually 
impossible to seal the firebrick walls of the fluid bed, 
and thereby prevent leakage of gas. Cement washes had 
little effect , so an attempt was made to seal the porous 
brick with sodium silicate solution, which penetrates the 
pores and dries to a hard, heat - resistant, impermeable 
skin. Some success was achieved, but the problem then 
arose of preventing the sodium silicate from sealing the 
porous bases of the fluid beds, whilst retaining a good 
seal on the outside of the apparatus. Despite a number 
of attempts, the solution to this problem did not 
present itself. 
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A further difficulty with the original equipment was 
that of ensuring adequate heating of the bed. The 
heating element was redesigned following the advice of 
Mr G. Dawson (Gus Dawson and Co., Christchurch) 9 but it 
appeared that, in order to obtain high temperatures in 
the upper bed, the element in the lower bed had to be 
run under conditions that rapidly resulted in the 
burning out of the wire. The difficulties will be 
appreciated when it is realised that up to 1 Kw of heat 
was being dissipated in a fluid bed 2 " dia. by 2 " high, 
at temperatures in excess of 1000°C. 
For these reasons 3 it was decided to completely 
redesign the apparatus using Incoloy DS as the 
constructional material , as originally suggested by 
Collins . This metal (a nickel-iron- chromium alloy ~ 
manufactured by Henry Wiggin and Co.) is capable of 
operation under oxidising and reducing conditions at 
temperatures up to 950°C, and is resistant to attack 
by sulphur. 
The new apparatus was constructed as shown (Fig.ll) 
and heated by a 6" long by 2~ 11 I.D . tube furnace. The 
fluid bed was made in two sections so that the 
distribution grid could be removed if required and so 
that the assembly could be installed in and removed 
from the tube furnace when necessary. 
The coal injection tube entered from underneath 
the bed, and was immersed in a small trough of water 
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so that the coal and gas could be kept cool until the 
last moment before i njection . By this means , it was 
hoped to prevent b l ockage of the inlet tub~. 
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The main flow of fluidising gas was preheated in an 
lncoloy DS tube filled with ceramic beads , mounted in a 
tube furna c e. 1he exhaust gases from the fluid bed 
passed through a further tube of lncoloy , packed with 
chips of fused s i lic a , as specified by Watson. 
It was decided that during the initial stages of th~ 
work hydrogen rather t han coal gas would be used , both 
for the sake of simplifying the apparatus and to 
eliminate the need for remova l of su l phur compounds from 
the inlet gas . Hydrogen also has the advantage of being 
pure ; the use o f coal gas would introduce additional 
sources of vari ation to the experimental work. 
A diagrammatic view of the apparatus (Fig . 12) shows 
the disposit i on of the mai n items, together with 
ancillary equipment such as recorders , flowmeters , etc. 
(Also see Plates 1 and 2.) 
On t he basis of the experience gained with the 
earlier equipment , it was realised that the analysis 
train, designed by Watson , would not be satisfactory 
for two main reasons. 
watson assumed that the sulphur would be generated 
at a fairly uniform rate over a peri od of 10 minutes, 
and on this basis found that , for 1 gm of coal in)ected ~ 
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the expected concentration of hydrogen sulphide in the 
outl~t gas from the bed would be about 0.0001 gm/1. 
This very low concentration could only be detected by 
the most sensitive techniques , such as the methylene 
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blue method. However, initial experiments showed that 
the main evolution of volatile matter occurred over two 
or three seconds, which meant that the concentration of 
hydrogen sulphide in the outlet gas would be, momentarily, 
very high indeed, and certainly of the order of 0.01 gm/1. 
Another factor was that this rapid evolution of 
volatiles caused a violent short fluctuation in total 
outlet gas flow~ and any method of sampling of part of 
the outlet gases must be capable of sampling an accurate 
proportion of the gas during this short fluctuation. It 
was therefore considered that Watson 8 s original design 
(perfectly adequate under the conditions for which it 
was designed) would have to be modified to be capable of 
analysing the entire outlet gas stream for hydrogen 
sulphide. 
To this end, an absorption vessel was constructed 
of Pyrex glass (Fig. 12), using a coarse grade sintered 
glass filter funnel as the base, through which the gas 
stream would pass into the absorption solution. The 
absorber was of large (3 " ) diameter to reduce the 
superficial gas velocity and thus prevent excessive 
frothing and entrainment of the absorption solution. 
To control the temperature of the a bsorption solution , 
the base of the absorber was immer sed in a bath of 
66 
cooling water during each run . Spherical ground glass 
joints were used on the gas inlet and outlet, enabling 
gas •. tight connec tions to be maintained,and at the same 
time giving mechanical simplicity and flexibility. 
The high concentrations of hydrogen sulphide in the 
gas meant that a less sens i tive and laborious analytical 
technique than the methylene blue method would be 
preferable . The method chosen was the use of cadmium 
chloride as the absorpti on so l ution , f rom which hydrogen 
sulphide precipitates cadmi um su l phide . This is easily 
determined by addition of excess iodine solution, 
acidification with concentrated hydrochloric acid, and 
back- titration with sodium thiosulphate solution. This 
method had the advantage of being capable of extension, 
as required, to incorporate analysis of a variety of 
other sulphur compounds found in gas . (The procedure 
will not be described further, since it is not 
unconventional and is given in great detail by Mason and 
Hakewill101 . ) 
The coal injector (Fig . 11~ made from Pyrex glass, 
was similar to that designed by watson, with modifications 
to permit easy removal and weighing before and after 
each run, to determine the actual quantity of coal 
injected. It was decided to maintain a steady flow of 
gas through the injector during each run; this would 
help to reduce momentary d i sruption of the fluid bed 
flow pattern .during coal injection. 
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The apparatus being basically complete, some trials 
were carried out with the top of the apparatus removed 
(permitting observation of the behaviour of the bed), to 
determine the optimum gas flowrates , over the temperature 
range of interesto Since the thermal expansion of the 
gases was considerable at the operating temperatures of 
the bed, these optimum flowrates varied correspondinglyo 
For the first trials, the graded sand prepared by Collins 
and Watson was usedo 
Once the required flowrates were known, the equipment 
was completely assembled and some trials made with 
injection of the coal and analysis of the product gas 
for hydrogen sulphideo The coal used in these trials 
was Stockton B~ tunnel, of lo2% total sulphur (virtually 
all organic) , swelling number 9) volatile matter 33%, 
and negligible ash contento 
' 0 
about 700 Co 
The temperatures used were 
This series of experiments will not be described 
individually, since many proved abortive, and only 
general conclusions could be drawn from the resultso 
(See Appendix for complete table of resultso) 
During the first few runs, difficulty was experienced 
in that blockages occurred due to coal sticking in the 
inlet pipeo The only remedy for a blockage was to 
change the gas flow back to air (using nitrogen to flush 
made with different levels of carborundum in the fluid 
bed (to reduce pressure drop in the injection line) and 
even with the bed material completely removed from the 
apparatus . In the former case, little difference was 
10 
observed, and in the latter the coal immediately stuck 
to the hot metal walls with no reaction in the absorber. 
It was also noticed that, even when a small quantity 
of coal did enter the bed, agglomeration took place due 
to adhesion of particles of carborundum to the molten 
coal, with consequent loss of fluidisation . 
Since these problems obviously resulted from the 
swelling properties of the Stockton coal, a sample was 
obtained of coal from the Dauntless mine, of swelling 
number less than 1, and total sulphur content 5%, mainly 
organic. 
Injection of this coal (-60+85 mesh) was fairly 
uneventful; only slight blockage occurred, and a 
substantial reaction was noted in the absorber. There 
was also considerable deposition of tar and soot in the 
absorber, with partial blocking of the sintered glass 
plate. In subsequent trials smaller quantities of coal 
were injected, usually of the order of 0.1 gm . 
In order to increase gas velocities still further, 
the 60 mesh carborundum in the fluid bed was replaced 
by silicon carbide of about 40 mesh grade . This change 
proved successful, no blockages being observed during 
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injection of a further sample of the Dauntless coal. 
The success observed prompted retrial of Stockton 
coal, and it was found that -44 +52 mesh grade could be 
injected without blocking the inlet line, provided this 
was done very slowly so that only a thin stream of coal 
was entering the bed. Some agglomeration of the bed 
was noticed, but with the relatively violent agitation 
caused by the high gas velocities, this soon broke up 
if the coal injection was stopped for a while . 
The quantity of sulphur present in the absorber 
solution was determined first in Run 32, and was found 
to be greater than the maximum possible evolution of 
sulphur from the sample of coal injected into the bed. 
Analytical errors were discounted, and the remaining 
likely explanation was that carbon deposition (from tars, 
soot, etc, in previous runs) had occurred in the outlet 
lines from the fluid bed, and sulphur had been absorbed 
by this carbon. When hydrogen was passed through the 
apparatus, immediately prior to the run, the hydrogen 
reduced the absorbed sulphur to hydrogen sulphide, which 
then reacted with the absorption solution. That this 
was, in fact, the correct mechanism was proved some time 
later by passing hydrogen through the equipment for 
about three hours, after which time the evolution of 
hydrogen sulphide was still detectable, although very 
small. In all runs subsequent to Run 90, hydrogen was 
passed for at least 5 minutes before and after each 
run to make reasonably sure that most of the sulphur 
had been eliminated. Although only three attempts 
(Run 57-59, all unsuccessful) were made to obtain the 
sulphur content of the char by analysis for sulphur 
dioxide, the char was always burnt off after a run by 
reverting to a flow of air. 
About this time, it was noticed that the pressure 
drop over the apparatus had substantially increased , 
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and the equipment was dismantled to deter~ine the cause . 
The tube packed with silica chips was found to be blocked 
with fine carborundum particles, carried over from the 
bed by the gas stream. The packing was removed, sieved 
to remove the fine particles, and replaced. This 
problem persisted,to a greater or lesser extent depending 
on the gas flowrates used, until the end of the series 
of experiments; no remedy was found , other than 
periodically dismantling:. and cleaning the tube. An 
attempt was made to clean the gas of these entrained 
particles by installing a small cyclone collector inside 
the apparatus (Fig. 13), but with no success. The 
cyclone rapidly blocked, and the entrainment was then 
worse than before. 
A number of further attempts (Runs 35- 59) were made 
to carbonise Stockton coal, but in all cases agglomer-
ation occurred in the bed, although in most cases it was 
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possible to analyse the product gas for hydrogen 
sulphide . Results varied from 0.1 to 1 . 2% of the 
weight of the coal, which itself contained 1 . 2% sulphur . 
There was no real pattern observed in the variation of 
the values of sulphur obtained, other than that, 
apparently, a rapid blockage generally gave rise to a 
small amount of sulphur detected, and vice versa. It 
does not seem improbable that the agglomerated bed 
provided a barrier of mainly carbonaceous matter to the 
outflow of volatile matter from the coal , resulting in 
absorption of the sulphur compounds by the hot coke. 
At this stage (Run 52) it became necessary again 
to dismantle the silica-packed tube for cleaning. 
While dismantled, it was observed that many of the 
silica chips were black in colour, indicating that 
carbon deposition had not burnt off. Prolonged 
oxidation was required to burn off the carbon, and in 
any case it is likely that, during carbonisation of the 
next coal sample, further deposition would occur, with 
consequent sulphur uptake. For this reason, a number 
of runs were done (54-83) with the silica tube removed, 
and the absorber connected directly to the outlet gas 
line, via the short, water-jacketed extension tube. 
To reduce the problems associa ted with the use of 
high-swelling Stockton coal, it was decided to revert 
to the use of Dauntless, as from Run 60. 
Some trouble was experienced in t .he analys i s of 
the solution from the next few runs, later attri buted 
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to deficiencies in the purity of the laboratory dei onised 
water supply. Fresh supplies from an alternative source 
solved this problem, but highlighted yet a further 
difficulty in the analytical method (Runs 56 - 65) , namely 
an inconsistency in the titration of iodine with the 
absorber solution. 
Upon adding iodine to the absorber solution , no 
colour change was apparent until several ml s had been 
added. It was possible to carry out an i nitial 
titration of the iodine with the absorber solution before 
the usual procedure of adding excess, plus concentrated 
hydrochloric acid, and back- titrating . Thi s ini tia l 
titration could not be taken to a stable end- point, 
which indicates that the iodine in soluti on was reacting 
with the sulphide ions, the solubility product causing 
the equilibrium to be displaced in such a way that more 
cadmium sulphide went into solution, and so on until all 
the precipitate had dissolved and reacted with the iodine . 
However, this mechanism does not account for the 
relatively large initial iodine reaction . It is 
probable that this was due to other products of carbon-
isation dissolved in the absorber, capable of being 
o'xid i sed by the iodine . Because these two effec t s were 
not separable, no allowance could be made, and it was 
decided to delay investigating 'further until a 
reproducible performance was obtained from the fluid 
bed. 
From the quantities of tar, soot and smoke found 
75 
in the absorber after injection of the coal - especially 
when a given amount had been injected rapidly - it was 
obvious that, whether with or without the silica tube 
furnace, the carbonisation products were not being 
properly cracked and reduced, and were either settling 
out in the outlet lines from the bed or in the cracking 
furnace, or else going unchanged into the absorber 
where, in the case of complex sulphur compounds, no 
reaction was possible with cadmium chloride, thus 
giving a false result. A number of variations (Runs 
75-83) in the method of operation of the equipment were 
then tried to determine whether it was possible to gain 
some idea of the conditions under which the retention 
of sulphur could be minimised. 
The removal of the cracking furnace did not prove 
entirely successful - due to increased fouling of the 
absorber solution - so it was replaced. Shortly 
afterwards, it was decided to try the introduction of 
a small bleed of steam into the line between the fluid 
bed and the cracking furnace. It has been suggestedlOl 
that this prevents deposition of carbon, and hence the 
uptake of sulphur. 
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The equipment was modified (Run 96) as shown in 
Fig. 14, the water droplets being vaporised by contact 
with the hot metal tubing. An appreciable increase in 
the detected sulphur was obtained, but the precision of 
the results was no better, apparently identic~l runs 
often giving widely different results. 
Since it was thought that the water injection 
might be giving rise to excessive local cooling of the 
apparatus, ~ further modification was installed (Fig. 
15) (Run 121) , whereby a stream of the gas was 
humidified in a bypass line by being bubbled through a 
flask of hot water. No improvement was noted, so the 
temperature of the bypass stream was raised by coiling 
an electrical heating element (threaded through ceramic 
insulating beads) around both the final section of the 
bypass line (constructed of Inconel) and the connecting 
·line between fluid bed and cracking furnace. 
Reproducibility of the subsequent runs was slightly 
improved, but was still quite unsatisfactory. Various 
bypass gas flowrates were tried, gas compositions 
varying from pure gas to pure steam (by boiling the 
water in the flask), and with degrees of superheat up 
to the maximum running temperature of the tube heater 
(about 900°C), still with little effect. 
The silica chips were then replaced with small 
(1/8") ceramic insulating beads to determine whether 
catalytic effects were possible, but with no significant 
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change . Fresh silica chips were then tried , again 
with no noticeable result. 
In order to overcome the problem of tar deposition, 
an investigation was made of the possibility of using 
another method of analysis for the raw gas from the 
fluid bed. The only reasonably feasible technique was 
combustion of the entire gas stream in oxygen, with 
subsequent absorption and determination of the sulphur 
oxides . The method had to be rejected, since the 
burner required to handle the gas flowrates used (of 
the order of 1 cu.ft/min of hydrogen) and the heat 
release (up to 20,000 BTU/hr) would be too large and 
cumbersome. In addition, the dangers of burning 
hydrogen and oxygen in other than small equipment are 
well known . 
At the time when experiments were being made with 
the silica tube furnace disconnected, it was observed 
that, under conditions of high gas flow it was possible 
to elutriate a mixture of carborundum and char from 
the bed. As an alternative approach to the problem, 
it was decided to attempt the collection of coke 
elutriated from the bed, with screening if necessary , 
to remove carborundum from the product. A small glass 
cyclone was therefore constructed (shown in its final 
form, Fig . 16) to collect the product . 
A few trials (Runs 153-160) were made, and it was 
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found possible to obtain char without elutriation of 
any bed material, by careful adjustment of gas flow-
78 
rates. The success achieved in these trials suggested 
that this method of treatment of the coal was more 
likely to yield useful results than persistence with 
the previous technique. The necessary parts of the 
eq~ipment were reconstructed and no further experiments 
were done in Series I. 
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XI. Experiments - Series II)'< 
For the first few runs, no provision was made for 
a nitrogen supply to the collector at the base of the 
cyclone. However, appreciable deposition of tar and 
soot occurred, so the gas flow was introduced in order 
to prevent contamination of the coke and also to 
provide some cooling of the char particles . 
After the initial trials, a screw feeder (Fig.l6) 
was installed, to supply a continuous stream of coal to 
the apparatus; with a 60 rpm electric motor attached, 
the feedrate was about 10-15 gm/hr (depending upon 
particle size) and the equipment could be left running 
unattended for periods of 10-20 minutes . (Also see 
Plate 3 . ) 
Stockton coal was used for the initial trials, but 
the old trouble of agglomeration was again experienced. 
Use of high gas rates reduced the problem somewhat, but 
satisfactory operation was not achieved until the 
swelling properties were destroyed by pre- oxidation of 
the coal (described later). 
*It was discovered, some · time after this series of 
112 
experiments was completed, that Oxley had used a 
similar method, in a study of the air/steam 
desulphurisation of high pyritic sulphur coals. 
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Wangaloa Coal 
For the main series of experiments with this 
equipment, Wangaloa lignite was chosen, a high-sulphur 
non-coking coal, with which no trouble was experienced 
at any time . 
Table 5 
Properties of Wangaloa Coal (air dry basis) 
Mesh Size 
60/72 
85/100 
100/120 
% total % volatile 
sulphur · matter 
4 . 24 56.4 
4.39 56.1 
4.42 56 . 6 
% moisture 
14.8 
14.1 
13.4 
% ash 
4.42 
4.91 
4.77 
As received, the coal was too wet for satisfactory 
operation of the screw feeder, so was air-dried for 24 
hours in the laboratory. Initial runs used hydrogen 
as the gaseous atmosphere, but after run 174, nitrogen 
was used, being an inert gas, to eliminate any effects 
due to hydrogenation. 
Results 
Runs were made using three different coal particle 
sizes, but with no apparent difference in general 
behaviour. Fig. 17) (For detailed table of results, 
see Appendix . ) The use of hydrogen (on 60/72 mesh 
coal only) shows no significant effect below 550°C, 
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but above this temperature a gradually increasing 
desulphurisation will be noted. That this is probably 
due solely to the process of hydrogenation of the char 
sulphur is shown by the lack of any effect on the 
volatile content of the char. 
It will be noted that the elimination of sulphur 
follows closely the loss of total volatile matter. 
To show more clearly the connection between losses of 
volatile matter and sulphur, the percentage loss of 
total sulphur was plotted versus the percentage loss 
of total organic (i.e. dry, ash-free) matter from the 
coal. 
The percentage loss of total organi c matter of a 
particular char sample was calculated by two different 
methods : 
(a) Volatile matter basis, by using the percentage 
volatile matter of the char. According to Pitt 116 , 
both Stone et a1 139 and Chukhanov et al14 , 31 , 130 
incorrectly assumed that the percentage volatile matter 
of the reacting coal is linearly related to the 
proportion of the original volatile matter remaining 
in the coal. The correct expression for this 
calculation is 
Percentage loss of organic matter 
(100 - Vcoal) 
100 (100 v ) 
char 
= 100 
where V and V h are the percentages of volatile 
coal c ar 
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matter in the coal and char, respectively, determined 
according to the British Standard method . 
(b) Ash basis, assuming the ash content of the coal 
to be conserved during the coking process, a nd thus 
provide a basis whereby the loss of organic matter can 
be determined. This appears to be just as realistic 
an assumption as that of the V .. M .. basis method, a-bove. 
Percentage loss of Qrganic matter 
= 100 
A 
coal 
A 
char 
(100 - A ) 
char 
where A 1 and A h are the percentages of ash in coa c ar 
coal and char, respectively, again determined according 
to the British Standard method . 
The percentage loss of total sulphur was evaluated 
by methods corresponding to assumptions (a) and (b) 
above : 
Percentage loss of total sulphur (V.M. basis) 
(lOO- Vcoal) 
S - (100 ) X S coal V char 
- char 
s 
coal 
Percentage loss of total sulphur (ash basis) 
A coal 
s -
coal Achar 
( Achar ) 
( 1 - 100 ) X S h c ar 
= 
(See Appendix for derivations of these formulae.) 
X 100 
X 100 
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It will be observed (Fig . 18) that a strong 
correlation exists between losses of total sulphur and 
total organic matter. A least-squares analysis of 
the data for runs in nitrogen gave the regression 
equations 
s = 
s = 
1.64 v + 3.55 
1. 33 v + 1.06 
(V. M. basis) 
(ash basis) 
(Correlation coefficients 0.99 in both cases , 
significahce level :> 99 . 9%.) 
In order to provide a basis for evaluation of the 
effects of rapid coking, " cokes" prepared by a 
"conventional" (i.e . fixed bed) method were required. 
Since standard assay equipment was not readily available, 
samples were retained of the residues after treatment 
of the coal according to the Volatile Matter test 
0 procedure, at 925 c, and these were analysed for total 
sulphur and ash contents (Table 6). 
Table 6 
Properties of "Cokes " from Wangaloa Coals 
Total Sulphur 
% Ash 
60/72 Mesh 85/100 Mesh 100/120 Mesh 
3.85 
9.48 
3.85 
9.35 
3 . 91 
8.53 
Volatile and Moisture contents zero, by definition. 
(Points corresponding to these data are labelled COKE 
in Fig. 18.) 
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Comparing the "Coke" results with the other points, 
on Fig. 18 (ash basis), it appears that the main effect 
of rapid coking is that a greater devolatilisation is 
possible. For Run 175 (at 780°C , the highest 
temperature reached in this series), the percentage 
loss of organic matter was 58.39%, compared with 50.44% 
for the "coke". Since the char from Run 175 still 
contained 12.83% volatile matter (by the B.S. test) , 
further desulphurisation might well have been possible 
if even higher temperatures had been used . 
Residence times of particles within the fluid bed 
varied according to temperature; at the lower 
temperatures it was difficult to obtain a precise 
estimate, but 20- 30 seconds was taken as an average 
time, whereas at 700°C residence time was of the order 
of 3-4 seconds •• Since coal has an appreciably lower 
specific gravity than silicon carbide, and the coal 
particle sizes used were somewhat smaller than that of 
the bed material (about 40 mesh), it is to be expected 
that the coal, even in a cold fluid bed, will slowly 
elutriate. (As discussed by Levenspiel92 , the rate 
of elutriation of particles of a given size from a 
fluidised bed is proportional to the number of such 
particles present in the bed. Therefore, at a 
constant feed rate an equilibrium will be reached, at 
which the rate of loss of particles from the bed is 
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the same as the feed rate.) As the temperature rises, 
the probability of elutriation of a particle in a 
given time will be enhanced, due to the change in 
specific gravity of the coal, as volatilisation proceeds. 
At the higher temperatures, it is apparent from the 
residence time quoted above that the char spent little 
time in the bed, probably being blown almost directly 
from the injection tube into the outlet. 
Tar in the exit gas stream tended to condense in 
the relatively cool outlet lines, with subsequent 
adhesion of char to the sticky deposits. Eventually, 
appreciable reduction of the cross-sectional area 
occurred, and the only effective way of removing the 
accumulation'was to pass air through the apparatus, 
while playing the flame from a welding torch on the 
outside of the metal tubing. 
Despite the success achieved with Wangaloa coal, 
it was felt that for this work to be of any value 
coking coals would have to be studied in the equipment. 
It was suggested by Dr J. B. Stott (who had by this 
time (early 1965) replaced Professor Siemon as 
supervisor of the project)that pre-oxidation of such 
coals, by destroying the swelling properties, might 
render them capable of being processed in the fluid 
bed without appreciably changing their basic composition . 
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Stockton Coal 
A further series of runs was then made usi ng 
Stockton coal that had been pre-oxidised for 24 hours 
at 150°C in the laboratory oven. The swelling number 
was thereby reduced to about 1 or 2, although a coke 
button was coherent, indicating -that the coal still 
went through the molten state. This property is more 
effectively demonstrated by the microphotographs of 
coal and char particles in Plate 4 . The char 
produced at 485°C shows incipient swelling; by 510°C 
the. effect is co~plete, no further swelling being 
discernible in the char produced at 990°C. Oxidation 
for a further period of 24 hours at the same 
temperature made no noticeable difference to the 
swelling propert i es of this oxidised coal. 
Table 7 
Properties of Oxidised Stockton Coal (dry basis) 
Mesh 
60/72 
% total 
sulphur 
1.22 
% volatile 
matter 
33.4 
% ash 
0.1 
Swelling 
number 
1- 2 
Coke prepared according to the volatile matter test 
contained 1 . 23% total sulphur. 
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Results 
Behaviour of the equipment was not as good as 
with Wangaloa , but reasonable samples of char were 
obtained. Results are shown graphically in Fig. 19. 
A considerable scatter is apparent, due mainly to 
partial malfunctioning of the equipment. 
During this series of runs, it was observed that 
char production did not occur at a constant rate 
during the course of an individual run. Typically, 
no product would be obtained for some minutes after 
the start of coal injection, a steady stream of char 
only appearing if the coal feed were stopped, or if 
the gas flowrates were appreciably increased. It 
was found possible to obtain a reasonable quantity of 
product only by operating with substantially increased 
gas flows, but at the expense of heavy contamination 
of the char by bed material. · 
The carborundum was separated from the char by a 
float-and-sink method; the sample was stirred 
vigorously into a beaker of water, and after settle-
ment of the heavy carborundum, the top layer was 
decanted and the product filtered and dried at 105°C. 
This technique was not entirely successful in some 
cases, but in general only 1-2% of carborundum remained 
in the char . Where a greater quantity was found 
(Runs 203, 204, 216) the samples were rejected, since 
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it was observed that an appreciable amount of carbon 
deposition had occurred on the carborundum. Thi s 
would have had a small effect on the results of all 
analyses done on the product, even after correcti on 
of the quantity of char (by subtracting the weight of 
residual carborundum after ashing). 
As a result of experiments with the top of the 
apparatus removed, it was found that , despite the low 
swelling properties of the oxidised coal, agglomeration 
of the bed was still occurring. I t was only with the 
use of high gas 1flowrates that a product was 
obtainable, and this was due to the injected coal being 
forced through a channel in the agglomerated bed , 
directly into the outlet gas stream. 
Due to this malfunctioning of the equipment 
little of a useful nature can be extracted from the 
results of the experiments on oxidised Stockton coal. 
Scatter in the results can be attributed to a number 
of factors, such as variation in residence times of 
particles in the apparatus, at different temperatures 
and gas flowrates, and the unknown extent of contamin-
ation of the product by carborundum, albeit present in 
small quantities . 
For these reasons , and bearing in mind the 
necessity of studying coking coals under the conditi ons 
described in earlier sections of this report , it was 
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decided to abandon further attempts to treat coking 
coals in a fluid bed, and to make a fresh start with 
a vertical tube, disperse -phase carbonisation apparatus. 
At this point it is worth noting that, u~ing this 
type of fluid bed apparatus, it is impossible to 
prevent contamination of the coke by the carbonisation 
products, due to their flowing cocurrently through the 
equipment . In addition, it was also found impossible 
to contain the particles within the fluid bed for a 
time sufficiently long for equilibrium devolatilisation 
to be attained. This condition was easily reached in 
the disperse phase equipment (see later). 
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XII. Experiments - Series III 
To investigate the behaviour of this type of 
equipment, two small tube furnaces (12 " and 16" long , 
respectively) were modified, as shown in Fig. 20 ~ to 
permit continuous processing of coal in an inert 
atmosphere at very short heating times. 
Charming Creek Coal 
The coal selected for the initial stage of this 
study was from the Charming Creek mine , a h i gh- swel l ing 
high-organic- sulphur coal . For the first runs ( up to 
number 230), an old sample of the coal was used, total 
sulphur 5.50%. For all others, a newer sample was 
obtained,of higher sulphur content, but otherwise 
identical specification (Table 3). 
Table 8 
Properties of Charming Creek Coal (air- dry basis) 
Mesh % volatile 
size matter % ash % moisture 
35/100 46.1 3.11 1.93 
Forms of Sulphur 
% total % organic % pyritic % 
sulphur sulphur sulphur 
6 . 43 5.87 0.56 
" Coke" from the Volatile Matter test 
total sulphur , and 7.13% ash. 
B. S . Swelling 
number 
8 - 9 
sulphate 
sulphur 
< o . o1 
contained 5.20% 
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Experimental Work 
Initial. experiments were made with the screw 
feeder described in the previous section, but the 
results of the first run (220) indicated that the 
feedrate was too high . During the run, smoke 
completely filled the equipment, and the product was 
a mixture of cok~d and uncoked material, swollen to 
widely varying extents . 
This was almost certainly due to partic les c l ose 
to the walls of the tube being subjected t o f ar 
greater radiant heat transfer than those at the centre 
of the tube, artd to local cooling of the hot gas 
stream by the first wave of carbonising particles. 
For this reason, a new motor (10 rpm) was obta i ned for 
the screw feeder, delivering only about 2 gm/hr of 
coal.* 
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*It is interesting to note here t~at Snow (op cit 
p. 54) in equipment of similar qiameter, used a coal 
feedrate of 130 gm/hr, and gas flowrates comparable 
with those in the present series of experiments . 
From the behaviour noted above , it is apparent that 
the improvement in desulphurisation noted by Snow , due 
to increase in hydrogen flowrate, is just as likely to 
be due to reduction in smoke concentration (giving 
better heat transfer) as to any effect of hydrogenation . 
It is also worth noting that, in the experiments 
of Chukhanov et a1 78 (op cit), the procedure used was 
that of dropping a 1 gm sample of coal down the heated 
tube, all at once. It appears that, contrary to the 
assumption of these authors, their coal sample would 
not be uniformly heated during passage down the tube. 
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With this modification, the rate of smoke 
generation was sufficiently low for it to be rapidly 
dispersed by a gentle stream of nitrogen, and the coke 
was o£ a uniform quality, apart from the presence of 
a fine white powder. It was found that this was due 
to leakage of air into the apparatus, and par~ial 
combustion of the coal particles. The leaks· were 
sealed by filling cracks in the furnace tube with fire 
cement and painting with sodium silicate solution. 
From visual observation, the residence time of 
particles in this tube was found to be about 1.5 
seconds, at all temperatures. Individual particles 
did not have the same time of passage - due to 
turbulence in the gas flow within the furnace - but 
all came through within 1 to 2· seconds. It was not 
possible to change this residence time significantly 
by varying the flowrate of the countercurrent stream 
of nitrogen because at higher flows most of the coke 
was elutriated, and at lower flows the tube rapidly 
filled with smoke~ Another point is that, at high 
gas flowrates, the gas is not heated sufficiently 
rapidly, to the temperature of the walls of the tube, 
and pence disturbs the temperature pattern within the 
A short experiment was conducted to .determine 
whether the gas flow used (1 litre/min) had any great 
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effect on the temperature at the centre of the tube 
by suspending a thermocouple from the top of the 
apparatus, at various levels, and comparing its readings 
with those from the main thermocouple cemented to the 
wall of the tube. The thermocouple was moved from the 
bottom to the top of the furnace and it was found that, 
over the temperature range of interest, the maximum 
discrepancy was 10°C. For all subsequent runs , the 
directly measured temperature was used without corrections' 
However, it is highly probable that the coal particles 
did not reach the wall temperature until ~oking was 
fairly close to completion, due to the heat demand of the 
process. ltvashoped that this source of error would be 
minimised by using particles sufficiently small for the 
heating time to be small, compared with the residence 
time within the tube. 
*In this context, note that it is possible103 to measure 
the temperature of particles in such an apparatus as 
this by photographing them with colour film, and 
comparing the colour of the glowing particles with those 
of a series of tungsten ribbons, heated· to known colour 
temperatures . For particles at temperatures lower than 
that at which light emission occurs, a similar technique 
using infra-red sensitive film might be feasible. The 
presence of smoke might, however, introduce difficulties. 
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An~lysis of the chars produced at a number of 
differ~nt temperatures in both nitrogen and hydrogen 
showed that desulphurisation and devolatilisation were 
considerable, even though the residence time was so short . 
A new furnace was constructed on a 4 ft long by 
2 ~ inch diameter fused quartz tube, but even in the 
absence of cracks in the furnace liner it was still 
impossible to be sure that all leaks were eliminated. 
For this reason, an Incoloy DS tube was fabricated (Fias 
21 and 22) to fit inside the furnace and ensure that th~ 
apparatus was gas-tight. (When tested with a rotary 
vacuum pump, a vacuum of about 29 . 9 inches of mercury 
could easily be maintained.) "All ~~~sl subsequent to 
251 in this series were made either in this equipment or 
a slight modification, in which the single 4 ft long 
tube furnace was replaced by a stack of three 15 inch 
furnaces. The latter arrangement was to enable kinetic 
data to be obtained; by using one, two, or all three 
furnaces at a time, three different carbonisation times 
could be obtained at any temperature of operation. 
After Run 343, five such furnaces were installed (PlateS). 
By using the small modification shown in Fig . 22, 
it was possible to do a short series of runs under 
vacuum to determine whether any appreciable effect would 
be observed . Residence times for the coal particles 
were only of the order· of 0.5 second, due to the absence 
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of aerodynamic drag, but decomposition was still 
appreciable at the ·highest temperature used, 1005°C . 
The vacuum during these runs varied between 28.0 and 
29.5 inches of mercury. 
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To obtain data on the composition of the chars at 
"equilibrium" (i.e. after a sufficiently long time at 
the carbonising temperature for decomposition to be 
virtually complete) a constriction was welded into the 
Inconel tube, as shown in Fig. 21. This comprised a 
60° inverted cone, with a 3/16 inch hole drilled through 
the apex. The flow of nitrogen through the column was 
such that the char particles formed a fluid bed (more 
correctly, a spouted bed) above this constriction, and 
could thus be retained for as long a time as necessary. 
By shutting off the flow of nitrogen , the particles 
could pour through the hole in the base of the cone and 
be collected in the usual manner. 
(In the opinion of the writer, this is a better 
syst.em than that of Chukhanov (op cit), in that it 
·permits the particles of char to finish carbonisation 
under conditions such that gaseous products are rapidly 
flushed away; in Chukhanov's equipment the char was 
collected in a cup within the furnace, and the process 
completed in a local stagnant atmosphere of carbonisation 
products . ) 
The normal operating procedure in these experiments 
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was to run the coal feed for about 30- 40 minutes , shut 
off the feed for about 5 minutes (to ensure that the 
last-injected particles had finished carbonisation) ~ 
then stop the gas flow and collect the sample . 
(Accord~ng to the results of Chukhanov, carbonisation in 
this type of equipment is virtually complete after 5 
minutes . ) 
It was not found possible to collect the product 
from carbonisation at 500°C, due to the coal still being 
in the molten state when it reached the constriction. 
The resultant mass of char rapidly blocked the hole, and 
had to be burnt out by passing air through the tube . 
Following the encouraging results obtained from the 
hydrogenation of Wangaloa coal, experiments were carried 
out to determine the effects of hydrogenation on the 
"equilibrium" char described above . The procedure was 
to prepare char in the "fluid bed" as before, then change 
the gas flow from nitrogen to hydrogen for a measured 
period. The hydrogen was then flushed from the system 
before collection of the char as already described. 
A great deal of trouble was experienced in obtaining 
reproducible results from these runs. It was apparent 
from the variation in ash contents that losses by 
combustion were still occurring . The source of oxygen 
was eventually located; "commercial" nitrogen cannot be 
relied upon to be better than at best 99.5% pure. 1he 
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remaining 0.5% is mainly oxygen, and at the flowrates 
used was capable of causing losses of up to about 0.1 gm 
of carbon per hour, as carbon monoxide , This is an 
appreciable proportion of the production rate of c har 
from the equipment (about 1 gm per hour) . 
Since " oxygen-free" nitrogen was not readily 
available, the commercial gas was purified by passing 
through an Incoloy DS tube,packed with copper turni ngs , 
at a bright red heat. 
The "straight- through" runs were not repeated , using 
this purer nitrogen, since it was thought that the 
residence time of char in the apparatus was too short 
and the oxygen partial pressure too low for a significant 
amount of combustion to occur • (As has been emphasised 
by Essenhigh52 , in his· studies on the combustion of fine 
coal, it is not until the initial stages of coking are 
near completion that combustion of the solid material 
starts. This is because the combustion flame f ront is 
initially located in the boundary layer of volatile 
carbonisation products; combustion of the solid residue 
occurs later in the process . ) For this reason , it was 
concluded that little, if any, error would have been 
introduced by the use of less pure nitrogen in these 
runs . 
Another factor that caused trouble in the early 
runs was the presence of inhomogeneities in the coal; 
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no special precautions had been taken during grinding 
and screening to ensure that the coal was well mixed, 
and it was later found that the ash content of coal from 
separate sample containers varied by as much as a factor 
of two. For all main runs, the sample was carefully 
mixed, and stored in a single, large container . 
A further interfering factor in these early runs , 
and to a lesser extent in all subsequent runs , was 
contamination of the product by scale from the lncoloy 
tube. In the runs at 1005°C, the alloy was being 
subjected to conditions sufficiently severe for slight 
scaling to be present, despite the fact that 99% of the 
time was spent in an inert atmosphere. Scale could 
easily be detected by microscopic examination of the 
ash, so all samples containing more than a minute 
quantity were rejected. However, it was found that , 
provid~d the tube was not tapped or otherwise mechan-
ically agitated during a run, significant contamination 
by scale did not occur • 
. During most runs appreciable quantities of char 
stuck to the sides of the tube (especially at the top 
where temperatures were low enough for tar to condense), 
in some cases to such an extent that a cake of up to 
a quarter-inch thick was formed . The only way to 
remove this deposit was to burn it off at the end of a 
run by allowing air to pass up the tube, while heating 
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the top section of the tube with an oxy~acetylene f lame . 
Estimation of Loss of Weight During Carboni sati on 
In spite of the above - mentioned precau tions , n o 
detailed results emerged from the experiments on Charming 
Creek coal; a number of ~pproaches was tried, but no 
means was found . whereby the loss of. total organic matter 
could be estimated reliab l y . Methods tr i ed were as 
follows : 
Weighigg of feed coal and product c har ., t o o btai n a 
direct measurement of the quantity of organic material 
lost during carbonisation . This method was not 
successful, mainly due to the extreme caki ng properties 
of Charming Creek coal, which resulted in a bui l d - up of 
char on the walls of the furnace. Loweri ng the gas 
flowrate reduced this problem slightly, probably by 
virtue of its effect on gas turoulence, but even so the 
best results obtained were not reproducible enough for 
use . (e.g. four replicate determinations (Run 240 ) gave 
char recoveries of 21, 23 . 5 , 27 and 28% of the coal 
injected). It was found later that when using non-
swelling or low-swelling coals, this problem did not 
arise to a significant extent; - such coals were used in 
the final series of experiments, described later i n 
this report . 
Volatile matter basis, as used in Series II 
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experiments. This could only be appli ed to t he 
"straight- through" runs , since the extent of devo lati l~ 
isation in the equipment was so great i n the " equi l i brium" 
runs at other than the lowest temperatures used that 
very little volatile matter remained. The difficulty 
of obtaining meaningful results from this standard t est 
was enhanced by the fact that , due to the very l ow 
specific gravity of the highly swol l en particles of 
char (see Plate 6), the test crucib l es cou l d only ho l d 
about 0 . 2-0.3 gm of material , instead o f the 1 gm 
required by the test procedure. Results obtai ned (see 
table of results, Appendix) were frequent l y i ncons i stent 
with the conditions of formation of the char , and for 
this reason the V. M. basis method was only appl i ed up 
to Run 255. 
Ash basis, as used in Series II . Result s o f ash 
determinations were not useful in that (see tabl e o f 
results, Appendix) in most cases an i ncrease i n 
carbonisation time appeared to give r i se to a reduction 
in ash content, although this general trend was subject 
to appreciable scatter. Three reasons may be put 
forward to explain these results. 
(i) The mineral matter of coal is affected by the 
temperatures involved in carbonisation, as is the 
volatility of the sulphur retained in the solid resi due > 
thus affecting the composition of the ash residue and 
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149 the fixation of sulpqur by the ash • This suggested 
mechanism is supported by the differences noted in 
physical appearance of the ash obtained from the coal , 
and from chars prepared at different temperatures~ 
(ii) Loss of ash during the ashing process. The 
possibility of such a loss will be apparent when it is 
stated that when highly swollen chars were ashed , the 
result was a very light, fluffy residue. Great care 
in handling was required to prevent the ash from blowing 
away in light air currents. This suggested mechanism 
is supported, to some extent, by the discovery that 
reproducible results were not obtainable when duplicate 
samples of coal were ashed, and the ashes analysed 
spectrochemically for iron and silica, according to 
B.S. 1016. It is important to note, here, that 
replicate analyses of the same sample of ash gave much 
more closely reproducible values; this implies that 
the analytical method is reliable. 
(iii) It was noted during operation of the equipment 
that small quantities of char were continually being 
elutriated, via the vent. This was mainly confined to 
small particles (probably produced by the slight 
grinding action of the screw feeder) and although very 
low countercurrent gas flowrates were tried, it was not 
found possible to eliminate this loss entirely. In 
view of the lack of consistency of the results, it is 
not unlikely that· the fraction of product lost by 
elutriation may have af~ected the composition of that 
which was collected and analysed. 
It is difficult to know which, if any, of the 
suggested mechanisms (i), (ii) and (iii) is the most 
important. .An investigation of (i) and (ii) would 
probably show valuable results; (iii) could probably 
be reduced by redesign of the apparatus , possibly by 
using cocurrent fiow of coal and gas . 
Analysis for Iron and Si~ 
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Attempts were made to analyse the char ashes for 
iron and silica, in the hope that these would provi de 
an invariant basis for estimation of organic matter 
losses. No useful information was obtained, probably 
for the reasons glvep in (c) (ii) and (iii) above. 
(For results, see Appendix.) 
Weighing of Char Particles 
The fifth method used was to obtain an average 
value for the weight of an individual char particle , 
and attempt to relate this to the coal particle weight. 
The procedure involved weighing a small number of 
char p~rticles (on the Chemistry Department's Cahn 
Electrobalance, sensitive to 0 . ,1 microgram) and then 
counting under a stereo- microscope . Apprec iable 
difficulties were introduced by the presence of large 
quantities of fine particles in many samples . This 
was probably due t o the slight grinding action of the 
screw feeder; from the appearance of some particles, 
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it is also probable that .the almost explosive swelling 
in the initi~l stages- of 6arbonisation caused rupture 
and fragmentation of . the char . The former effect was 
probably the cause of an inability to obta i n c onsistent 
results, even from repeat determinations of the coal 
itself (after being through the screw feeder) . As an 
example, six replicate determinations gave between 3 . 3 
and 4 . 3 for the weight in micrograms of a coal parti cle , 
and five determinations on an apparently uniform sampl e 
of char (Run 295) gave from 2.1 to 2.8 micrograms; 
more o~viously non-uniform samples showed appreciably 
greater . scatter. 
Results 
For the initial ""straight-through" runs (numbers 
227-255) it was possible, as mentioned previously, to 
evaluate losses of sulphur and volatile matter by the 
volatile matter method developed in the experiments 
on Wangaloa coal. Results of these runs are shown 
in Fig. 23 (a), and show that, despite a fair amount 
of scatter (attributable to differences i n the types 
of process used in the various sets of runs , as well 
as to the sources of variation outlined above), a 
strong linear relationship . e x ists between sulphur and 
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total organic matter losses. 
is 
The regression equation 
s = L 9·1 v + 4. 60 
(Correlation coefficient 0 .93, significance 
level > 99 . 9%.) 
This result is, however, not entirely reliable; 
for the reasons already given, the chars may not have 
been representative samples. 
As a consequence of the difficulties outlined 
above, it was necessary to repeat each run two or 
three times, after each set of difficulties had been 
ironed out. The results shown in Fig. 23 (b) are 
from the final group of runs, numbers 312 to 339 , and 
serve to compare the "straight-through" and " equilibrium" 
runs. 
Main Runs 
Fig. 23 (b) shows the change in total sulphur 
content with different decomposition times, up to 
" equilibrium". It is apparent that sulphur 
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volatilisation proceeded at a greater rate than that 
of total volatile evolution, during the first 1- 2 
seconds, but thereafter either volatilisation was 
virtually complete or else sulphur loss was 
proportional to total organic matter loss, the sulphur 
content thereby remaining fa~rly constant. 
It is interesting to note that, at the three 
higher temperatures, .there is little significant 
difference in behaviour . This result may support the 
1 . f T "f 146 ( . ) h h . 1 h c a~m o r~ onov op c~t t at t e organ~c su p ur 
fixation process is complete at a relatively low 
temperature. 
Vacuum Operation 
Results of vacuum operation (f.ig. 24(a)) are not 
comparable with those in nitrogen, due to the 
appreciably shorter residence time within the heated 
tube (0.5 seconds for all runs). . However, the graph 
shows an interesting trend, in that the sulphur content 
of the char decreases, up to 750-800°C, and then 
increases again at h i gher temperatures. Whether this 
can be attributed to the effects of operation under 
vacuum, or merely to the result of an earlier stage of 
decomposition is not known . 
It was noted that appreciably more tar was 
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produced, than from the runs in nitrogen; also, that a 
fine, unpleasant-smelling brown powder was carried 
through to the filter at all temperatures . In the 
absence of hot gas, and with the short residence t i me 
of volatile products within the furnace, it is likely 
that vapour-phase thermal cracking of the primary 
decomposition products was inhibited, thus producing 
increased quantities of tar . The brown powder may 
compromise high molecular weight fragments from the coal 
160 . ) 
surface as has been suggested by Yellow (op c it . * 
Hydrogenation 
Hydrogenation of the "equilibrium" char (Fig . 24(b)) 
showed an initial, rapid decrease in sulphur content, 
but after 1.5 minutes, little effect was apparent ~ 
except at the higher temperatures. This result tends 
to support the conclusion of Zielke et a1 161 (op cit) 
and Fig . 3(a), that sulphur is preferentially removed 
in the initial stages of hydrogenation, but that the 
rate of sulphur loss soon decreases, to such an extent 
*Vacuum carbonisation may well be a useful means 
whereby the primary devolatilisation products may be 
studied with the minimum of degradation by thermal 
cracking. The subject is worthy of further study . 
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that the sulphur content of the char remains 
approximately constant, as carbon gasification proc eeds . 
If it can be assumed that the sulphur contents of 
the chars were representative, the main conclusion to 
be drawn from this work on Charming Creek coal is that 
the majority of sulphur emission occurs during the 
initial stages (maximum 2 seconds) of carbonisation. 
This conclusion is apparently at variance with that 
reached by Chukhanov30 and Kaliuzhnyi82 (op c i t) , who 
stated that the initial liberation of sulphur is small , 
the main products being given off in the second 
decomposition stage, from 0 . 1 second up to 2 - 3 minutes . 
However, as discussed earlier, the division of 
Chukhanov 1 s results int·o three arbitrary stages is not 
entirely justifiable~ in any case, the duration of the 
second stage appears to be too long for results to be 
usefully described by only one kinetic equation. 
Wangaloa and Dauntless Coals 
Experimental Work 
As stated earlier, the main difficulties in the 
quantitative estimation of . loss of weight of Charming 
Creek coal arose from its extreme swelling properties; 
much char was lost via the gas outlet, and accumulation 
of coke on the inside of the tube was considerable. 
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It was reasoned that, by using non- swel l ing or low~ 
swelling coals, these difficulties would not occur to 
an appreciable extent; such was found to be the c ase . 
Table 9 gives the properties of the two coals used i n 
these runs (see Appendix for Table of Results) . 
Table 9 
Properties of Wangaloa and Dauntless Coals (dry bas i s) 
Coal Mesh % Volatile % Ash % Moisture Swel ling 
matter (a ir_9,g.l_ .number 
Wangaloa 85/150 50.5 2.15 Dri ed i n N2 0 
Dauntless 85/120 49.9 2.12 6.83 1- 2 
Forms of Sulphur 
Coal % Total % Organic % Pyritic % Sulphate 
sulphur sulphur sulphur sulphur_ 
Wangaloa 5.54 5.17 0.37 0.01 
Dauntless 7.40 6.48 0.92 0.01 
Replicate determinations were made of loss i n 
weight for each run, a thi rd being made and an av erage 
taken if the discr~pancy exceeded 2 - 3%. No trouble 
occurred with Wangaloa coal, but i nitially some 
difficulty was experienced in obtaining agreement 
between replicate runs with Dauntless coal , at low 
temperatures. This was found to be due to a tendency 
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to stick to the sides of the tube; since this coal i s 
only weakly caking,the main accumulations cou l d easily 
be dislodged by tapping the tube at the end of a run . 
A new Incoloy DS tube had by this time (Run 343) been 
fabricated, to replace the old, badly corroded tube , and 
showed no tendency to produce scale, thus preventing 
significant contamination of the product. The runs 
with Dauntless coal did , however , show rather more 
scatter than those with Wangaloa, and the reason was , 
very probably, that some char was still ret a i ned wi thi n 
the tube and not measured. (N.B. This char would be 
burnt out before the succeeding run ,. since i t was 
standard practice in all runs to allow air to pass up 
the tube for a few minutes after removal of the produc t . ) 
"Equilibrium" runs were carried out in exac tly t he 
same way as for Charming Creek coal. It is not cert a i n , 
however, that the appreciably denser chars produced from 
these two coals (see Plate 7) were as effic i ently 
agitated in the spouted bed that formed above the 
" constriction". Nevertheless, gas flow through the 
accumulation of char would certainly be sufficient to 
ensure rapid flushing away of volatile carbonisati on 
products , and thus ensure that the decomposition c ould 
continue in a clean inert atmosphere. (N.B . The 
diameter of the hole at the base of the inverted conic al 
constriction was 1/8" , to give a higher velocity in the 
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throat than in the experiments with Charming Creek c oal . ) 
Due to the relatively small degree of conversion 
at 400°C, the data from these runs were more susceptible 
toerrors in measurement of temperature and loss of wei ght 
than the runs at higher temperatures. 
Hydrogenation of the chars was attempted in order 
to extend the results obtained in earlier experiments . 
However, the appreciably greater density of the particles 
meant that the bed of char showed a considerable tendency 
to fall through the constriction in the event of any mild 
fluctuation in pressure in the inlet gas line . 
momentarily caused air to be sucked into the tube via 
the vent tube, and a series of minor explosions resulted. 
Since it was impossible to ensure that such pressure 
fluctuations did not occur, the experiments were rapidly 
abandoned. 
As with the previous coals, samples were retained 
and analysed , of the residues from the volatile matter 
test. 
Table 10 
Properties of "Cokes" from Wangaloa and Dauntless Coals 
Coal % Total sulphur % Ash 
Wangaloa 3.86 9.16 
Dauntless 5.91 4.80 
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Results 
Figs 25 and 26 show the variations of sulphur 
content and loss of weight, versus temperature , for 
each set of runs using one, two, three, four and five 
furnaces, and at "equilibrium". There is no real 
relationship between results using one particular 
arrangement of furnaces, but such a plot provides a 
useful means of graphical interpolation whereby results. 
at a particular temperature may be estimated . This 
method was used in obtaining data at partic u l ar 
temperatures to enable decomposition versus time c u r ve s 
to be drawn& 
From Figs 25 and 26 it is apparent that for bot h 
coals the extent of desulphurisation generally i ncreases 
as the temperature approaches 800°C, but above thi s 
temperature there is a strong suggestion that this 
tendency is reversed. 
Since the . loss of we}.ght during carbonisation had 
been directly measured in these experiments , the 
opportunity was taken (Figs 27 and 28) of comparing t he 
loss of weight versus loss of sulphur relationships 
with those calculated according to the Volatile Matter 
and Ash basis methods · (the latter for Wangaloa only , 
and not included in the diagrams) . As was noted i n 
the previous series of experiments, the correlati on is 
most pronounced& Regression equations are 
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wangaloa S = 1.27 V + 0.005 (Direct method) 
S = 1.46 V + 5.09 (Volatile matter basis) 
s = L315 v 19.24 (Ash basis) 
Dauntless S = 1.09 V + 1.62 (Direct method) 
S = 1.15 V + 3.60 (Volatile matter basis) 
(Correlation coefficients 0.99 in all cases, significant 
at :>99.9% level.) 
Negative· values appearing in the Dauntless (V.M. 
basis) graph are almost certainly due to incomplete 
removal of moisture. (In correcting volatile contents 
to a dry, ash-free basis, it was assumed in all cases 
that the moisture had been entirely evaporated.) 
Fig. 29 shows the very close relationship that 
exists between losses of weight as measured, and as 
calculated according to the V.M. basis method. It is 
apparent that the V.M. content is an accurate means of 
estim~ting loss of weight, provided the proportionality 
factor has been evaluated. Regression equations were 
Wangaloa = 
Dauntless = 
0.83 VD. 1rect 
0
•
91 VDirect 
5.11 
10.74 
(Correlation coefficients 0.99 in both cases, signif -
icant at> 99.9% leveL) 
In the preparation of graphs of decomposition 
against time, values were interpolated, as described 
earlier. Figs 30 and 31 show percentage losses of 
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weight and total sulphur, as a function of time, at 
the six temperatures 400, 500, 600, 700, 800 and 900°Co 
Residence times were measured by visual observation for 
the fall through all five furnaces; for other 
arrangements, these times were proportionately reduc edo 
The straight lines sho~ are not significantly different 
from the regression lines through the "straight- through" 
datao 
It is apparent that by far the major part of 
decomposition occurs in less than two seconds ; in the 
runs at higher temperatures, probably in very much less 
time. Since the data describe only the later stages of 
decomposition there is little to be gained in attempting 
to fit an arbitrary rate equation to the resultso In 
any case, the scatter is probably too great for 
meaningful interpretation of what is , after all , only 
part of the overall process of devolatilisationo 
The values of "equilibrium" loss in weight show 
that the extent of overall decomposition continues to 
increase, albeit slowly, with temperature , whereas the 
sulphur is virtually all volatilised by 700°Co This 
is almost certainly the explanation for the increase 
in sulphur content of the chars produced at the highest 
temperatures (Figs 25 and 26), since it is highly 
unlikely under the conditions of operation of the 
equipment that significant reabsorption of volatilised 
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sulphur would have occurred. (It is possible that at 
the lowest temperature the char was not retai ned in t he 
furnace long enough for "equilibrium" to be reached 
(average time for char was about 15- 20 minutes i n the 
apparatus). However, taking into account the high heat 
and mass transfer rates inherent in the use of small 
particles, the values measured are probably close to the 
"true" values.) 
Interpretation of Data, in Terms of_Reacti2n Kinetic s 
Simple First - order Reaction The simplest means of 
interpretation of the data, in terms of reaction kineti cs , 
is to fit to a first - order rate equation, and evaluate 
the "activation energy". Since loss of weight and 
sulphur loss are so closely related , any general mechanism 
which describes the kinetics of loss of weight will 
presumably be adequate to describe sulphur loss, with 
adjustment of constants to take account of the 
proportionality factor. 
(As explained in detail earlier , the reactions 
involved in carbonisation cannot strictly be treated by 
the methods of chemical. kinetics; among other things 
there is the difficulty ' of defining the term 
"concentration". This latter problem can be evaded if 
a first-order reaction mechanism is taken as an 
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approximation, since concentration terms are eliminated 
and the specific reaction rate (i.e. rate constant) has 
th d ' . f ( . ) - 1 Th . . d e ~mens~ons o t~me • ere 1s no ev1 ence , 
however, that coal decomposes according to a first~ 
order mechanism, or indeed that the concept of order of 
reaction has any meaning at all in the solid state.) 
The first problem that arises is that it is not 
possible to define an. equilibrium state, against which 
extents of decomposition may be measured, in order to 
determine the conversion. Previous workers (Pitt ~ 
Chukhanov, etc) have assumed that the percentage of 
fixed carbon is independent of the method of carbonis-
ation, but other workers (Yellow, etc) have since shown 
that this is not the case. The only other reasonable 
approach is to assume that all of the coal matter is 
potentially convertible to volatile matter, and express 
the fractional loss of weight as the conversiono 
Let n be an initial quantity of coal, decomposing 
0 
according to the first-order equation 
dn 
dt = - kn (where k = specific reaction rate) 
If this equation is integrated, from time t = 0 
to t = t, we obtain 
(!L) 
- ln n 
0 
= kt (where !L is (1 - fractional 
no 
loss of weight) ) 
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Thus, if the reaction is adequately described by 
a first-order equation, a plot of (- ln n/n ) versus t 
0 
will be a straight line, of slope k. 
To determine the activation energy, values of k 
obtained at different temperatures are fitted to the 
Arrhenius equation : 
(- ln k) versus 1/T. 
k = k exp (-E/RT), by plotting 
0 
The straight line through the 
points is of slope -E/R, and the intercept on the ln k 
axis at 1/T = 0 is k , the frequency factor . 
0 
This procedure was applied to the result s for 
Wangaloa coal (Fig. 32). From the " straight - through" 
data, an average "activation energy" of 1.5 - 4 . 0 can 
be evaluated, but the correlation coefficients f or the 
data at each temperature are not significantly different 
at the 95% level, so the only reliable conclusion that 
can be drawn is that the " activation energy" is 
approximately zero. With the " equilibrium" data 
included, corresponding to the lines drawn in Fig . 32 , 
a similar result is obtained. The most likely 
explanation for this answer is that the assumption of 
an overall first-order reaction is an oversimplificati on , 
and that the " true" mechanism is much more complex. 
It is probable that this situation was encountered by 
Chukhanov (op cit) and accounts for his simplification 
of the overall decomposition reaction into three main 
stages; the above " straight-through" data would 
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approximately correspond to his second stage, and the 
"equilibrium" data to his third stage. 
Pitt's Reaction Mechanism As described earli er , 
it is by now generally agreed that coal decomposes via 
a complex combination of series and parallel reactions; 
although undoubtedly correct, this theory is too general 
to be of any help. 
The simplified theory of Pitt (op cit, p . SO) is of 
greater assistance in this respect, since ic postulates 
a specific reaction mechanism. The mathematical 
treatment of the theory may be summarised as follows : 
Assume that all the decomposition reactions are 
first-order, that the frequency factors k are all equa l , 
0 
and that the number of molecules with activation 
energies between E and E + dE is proportional to f(E)dE. 
Taking a large number (n ) of molecules of various 
0 
types but of equal molecular weight, these are allowed 
to decompose according to the first-order equations (1) 
and (2). 
dn 
dt 
k 
= 
= 
kn 
k exp (-E/RT) 
0 
(1) 
(2) 
Of the n f(E)dE molecules which initially have an 
0 
activation energy E, after a time t the number remaining 
is 
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n f(E) exp ( - k t exp (-E/RT))dE 
0 0 
The total number of molecules remaining i s t herefore 
= n 0 j~ f(E) exp( - k 0 t exp( - E/RT))dE ( 3) 
evaluated over the range of activation energies present. 
An approximate method is required, in order to 
calculate f(E) from the values of nt/n
0 
-A- ( 1 - wei ght 
loss). This makes use of the fact that the value of 
F(E) == exp( - k t exp( - E/RT)) changes from bei ng approx~ 
0 
imately 0 when E = 0 to being 1 when E =oC; the change 
occurs rapidly at about the value E1 = RT ln k t 0 (4) . 
It is therefore permissible* to replace F(E) by a step 
function which is zero for E < E1, and unity f or E ) E1• 
From equation (3) we have then 
nt 
n 
0 
= (1 - wt loss) = . rrx f (E)dE jE1 
From the experimental values of (1 - wt loss) , the 
distribution curve f(E) may thus be reconstructed step 
by step, by evaluating E1 at a number of different times 
*This approximation is not entirely reliable; by 
substitution of typical values of E1 into the equation 
for F(E), it was found that at E1 , F(E) was equal to 
0.39 , and did not approach 0.95 until 4 . 4 Kcal above 
E1 • The error introduced by this approximation 
cannot therefore be ignored, although its effect upon 
the general shape of the distribution curve is probably 
small. 
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and temperatures from equation (4) and obta i ning the 
area under the distribution curve from the correspondi ng 
values of (1 - wt loss) . 
Pitt's theory accounts for the change in 
"equilibrium" devolatilisation with carbonisation 
temperature,unlike the simple first-order mechanism 
already tried which assum~s that devolati l isation 
proceeds to the same ·extent at all temperatures . 
However, application of : the theory is complicated by the 
necessity to give a value to the frequenc y f a c tors o f 
the set of decomposition reactions. Pitt assumed that 
the reactions were of a chemical ( i. e •. bond rupture) 
k f 1015 . - 1 . h nature, and too the value o m~nutes ; ~n t e 
calculation described earlier, a value of about 1.1 -
1.3 minutes - 1 was found , and the activation energy 
(1.5 - 4 kcal/mole compared with Pitt's value of 50 = 
55 kcal/mole) was suc·h as to indicate that the rate-
controlling steps are of a physical, rather than 
chemical nature. (This conclusion is supported by 
that of Yellow (op cit) who states that, in disperse 
phase carbonisation, physical steps predominate ; the 
reactions of high activation energy measured by van 
89 Krevelen and others , and assumed by Pitt, are 
probably secondary processes such as cracking of high 
molecular weight products and tars . ) 
The large discrepancy between these sets of 
values can almost certainly be attributed to a 
pronounced change in the controlling mechanism , and 
for this reason the use of Pitt's assumed value of k 
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0 
must be questioned, as far as the results of the w0rk 
described in this report are concerned. An additional 
difficulty is that, due to the use of a logarithmic time 
scale, data are required over an extended range of 
times; in these experiments times were reasonably 
precisely known only from two to sixteen seconds , and 
such a range is too short to enable theoretical 
mechanisms to be fitted to any degree of signif i cance . 
This is well illustrated by the graphs of weight loss 
and sulphur loss versus the logarithm of time for 
Wangaloa coal, Fig. 33. (The empirical relationship 
in which percent weight loss is a linear function of · 
the logarithm of time was found by Pitt to be a close 
approximation to the devolatilisation curves predicted 
by his theory.) (The data corresponding to 
"equilibrium" have been arbitrarily associated with 
the decomposition time of 1000 seconds (17 minutes); 
this is reasonably close to the observed value, and in 
any case the slope of the line is relatively insens-
itive to variations of up to five or ten minutes in 
either direction.) 
As will be seen, the data do not obey the linear 
relationship closely, a general upward trend being 
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observed at shorter times. The slope of the line 
drawn through the points, and the regression 
coefficient for the least well fitting set of data 
(500°C, first five points only) were not significantly 
different when tested by the t - test, but the practical 
value of such a test is open to question when the 
number of degrees of freedom is so small. 
Pitt 1 s procedure was· followed in estimating the 
distribution of "activation energies" . The first 
value taken for k was 1.2 minutes- 1 (as determined 
0 
earlier), from wpich initial calculations indicated 
that the majority of reactions contributing to the 
decomposition had negative activation energies . The 
next value tried was 1015 minutes- 1 , as assumed by 
Pitt; these calculations gave results that were not 
significantly different from those of Pitt himself 
(S0-55 kcal/mole). The distribution obtained was of 
the form shown below (a), compared with that of 
Pitt (b). 
The long "tail" extending towards the higher 
activation energies results from the assumption that 
all of the coal matter is potentially capable of 
volatilisation. 
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It must therefore be concluded that, contrary to 
Pitt's assumption, the result appears to be 
predetermined by the value of k chosen for the 
0 
calculations . The main reason for the difficulty in 
estimating k is, as already discussed, that the 
0 
controlling steps in the devolatilisation reactions 
appear to be of a physical, rather than a chemical 
nature. The concept of an "activation energy" has no 
real theoretical significance in such a situation, and 
no assistance can be offered, by theory or by precedent, 
in determining a suitable value fork • 
0 
While 
intuitively satisfying, Pitt's theory cannot be applied 
to the process of disperse phase carbonisation at the 
present stage of knowledga. 
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XIII. Analysis of Volatile Product~ 
To obtain information as to the distribution of 
sulphur between the various carbonisation produc t s , 
experiments were carried out to determine the amounts 
of sulphur in the gas and the tar, under conditions 
such that the coal was completely carbonised ( i. e. with 
the constriction in place, as for the "equili br ium" 
runsL 
Gas Analysis 
The main experiments in this section involved the 
Department's Aerograph 90P- 3 gas chromatograph , to 
analyse for hydrogen, carbon monoxide, methane, 
"unsaturateds " , and hydrogen sulphide. Since hydrogen 
sulphide is irreversibly adsorbed on the silica gel 
column normally used20 for separation of carbon dioxi de 
in the analysis of permanent gases, the advice of the 
manufacturers wa·s sought as to the best column packings 
and operating conditions . 65 The system recommended 
was 20 ft x 1/4 in. column of bis 2-2 1 (methoxy ethoxy) 
ethyl ether, 30% on 45/60 Chromosorb P · (operat~d 
at 50°C) in series with a 20 ft x 1/4 in. 10% molecular 
sieve SA and 90% molecular sieve 13X column, the latter 
mounted externally to the gas chromatograph, and 
operated at room temperature. Thermal conductivity 
detection (detector cell temperature 80°C) was used, 
and a nominally 5 ml loop was fitted to the gas 
sampling valve. Carrier gas flowrates were in the 
region of 60 ml/min. for all runs. 
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The apparatus layout is shown in Fig. 34. The 
vacuum pump was required to assist the flow of gas 
through the sampling ·valve, because of the large 
pressure drop in this component. The first cottonwool 
filter removed particles of coke and some tar , and ~he 
second filter removed virtually all the remaining 
condensible and particulate 1 matter. 
Although nitrogen was the preferred carrier gas 
because of its presence in considerable excess in the 
gas from the · furnace, carbon monoxide could not ' be 
measured accurately due· to the closeness of their 
thermal conductivities. 
For the runs with Charming Creek coal, argon 
(dry, welding grade) ' was used. To improve sensitivity 
for the runs with Wangaloa and Dauntlesscoals , each run 
was done twice; firstly with hydrogen (commercial), 
which enabled all gases but hydrogen itself to be 
detected, and secondly with nitrogen (dry, "oxygen-
free " ) in order to measure the hydrogen content. 
Results from the two sets of runs were made compatible 
by taking the methane peak (easily and precisely 
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measurable in both cases) as a standard. The bes t 
carrier gas for the work would have been he lium, but 
this gas was not readily available at a sufficient 
level of purity. 
Table 11 
Thermal Conductivities of Gases 
Thermal conductivity 
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Gas A;\ . (0°C) ~'/ \ . (l00°C) AaLr AaLr 
--~-......-~--
Nitrogen 0.996 0.996 
Hydrogen 7.15 7 .10 
Carbon dioxide 0.605 0.70 
Helium 5.97 5.53 
Methane 1.25 1.45 
Ethane 0.75 0.97 
Ethylene 0.72 0.98 
Argon 0.68 0.71 
Oxygen 1.01 1.03 
Carbon monoxide 0.965 0.96 
Hydrogen sulphide 0.51 not known 
To obtain. data from the recorder charts, it was 
assumed (vide Boreham20 ) that there was a linear 
relationship between peak height and volume of gas 
present. The instrument was calibrated with a sample 
of town's gas, using the analysis provided by the 
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Christchurch Gas Company. (The carbon dioxide , 
carbon monoxide and oxygen contents of the gas were 
checked with an Orsat apparatus; agreement was 
within 2-3%, which is quite adequate for this work.) 
Results 
Results of the analyses are shown graphically in 
Figs 25 and 26, together with the results of Groom62 , 
for Renown coal. The main point of interest is 
that no hydrogen sulphide was detected at any time. 
The threshold sensitivity of the instrument for this 
gas is not known, but since thermal conductivities 
differ appreciably it is not unreasonable to expect 
that, if present in significant quantities, it would 
have been detected. 
To check this unexpected result, further experiments 
were carried out to determine whether hydrogen sulphide 
could be detected by other m~ans. The method used was 
to pass the gas from the furnace directly into a 
solution of cadmium chloride or cadmium sulphate. 
According to Mason and Hakewi11 101 , both hydrogen 
sulphide and mercaptans (RSH) precipitate cadmium 
sulphide from cadmium chloride solution, but only 
hydrogen sulphide reacts with cadmium sulphate solution. 
Results of the experiments (furnace at 850°C, nitrogen 
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atmosphere) were as follows; cadmium sulphate did no t 
react with Charming Creek gas, gave faint reaction 
with Wangaloa, and rather more with Dauntless . (which 
may be attributable to the appreciably larger pyritic 
sulphur content of Dauntless coal)o A large reaction 
was noted in all three cases with cadmium chloride 
solutiono 
The furnace was ·also run with a hydrogen atmosphere 
(Charming Creek only); a much greater reaction was 
noted with cadmium sulphate solutiono 
The main conclusion that can be drawn from these 
experiments, as far as high-speed coking in this type 
of equipment is concerned, is that hydrogen sulphide is 
not present in significant quantities as an initial 
product of the decomposition of organLc sulphur in 
coal, but that a fair proportion of the volatilised 
sulphur is in the form of sulphides capable of reacting 
with cadmium chloride solution. In the presence of 
hydrogen, an appreciable proportion of the sulphur in 
the volatile matter and/or char is converted to 
hydrogen sulphideo It is probable that .this hydrogen 
sulphide results mainly from hydrogenation of the char 
sulphur, but the possibility of vapour-phase reduction 
of high molecular weight volatile sulphur compounds 
cannot be discountedo 
Other points of interest in the gas analysis 
results are the abrupt decrease in the rate of 
hydrogen generation between 750· and 900°C wi th al l 
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coals . One possible reason for this decrease i s that 
principal thermal decomposition is close to completion 
by 750°C (see Fig. 29). The increase in hydrogen 
generation above 950°C (noted with Charming Creek only -
no experiments were done above this temperature -wi th 
other cpals, · in order to avoid damage to the l nco l oy 
tube) could be explained by vapour~phase c rac k i ng of 
volatilised hydrocarbons. Another int e r e sting poi n t 
is the steadily increasing concentrations o f carbon 
monoxide with Wangaloa and Dauntless coals . It i s 
not unlikely , however , that the presence of thi s gas 
may be due, in part, to combustion of char by sma ll 
amounts of residual oxygen in the nitrogen supplied to 
the furnace . It is not certain that the curve marked 
"C2H4 " is in fact due purely to unsaturated hydrocarbons; 
it is probable that satur~_ted hydrocarbons suc h as 
c2H6 and c3H8 also contributed to this peak. 
No results are available for the gas from slow 
carbonisation of Charming Creek coal; the on l y 
comparable work done on New Zealand coal is· that of 
Groom62 , who analysed the gas produced from a modi f i ed 
Gray- King carbonisation assay apparatus, by gas 
chromatography. His results (for Renown coal , 
Waikato coalfield) are presented in Fig. 35, as the 
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cumulative yield of gas up to a g i ven temper a t u r e . 
In this form, they are qualitatively compar ab l e with 
the results for rapid coking. Because of t he 
difficulties of measuring nitrogen and coa l rates 
precisely , the errors involved in estimating the 
volume of gas generated from the coal were greater than 
the volume itself; for this reason , the conversion of 
gas concentrations to yields per unit weight of coal 
was not practicable . The extent of agreement between 
the two sets of data is better than expected , taki ng 
into account the differences inherent in the two coki ng 
processes, and the differences in the character istic s 
of the two coals . (Groom also gives the pr opor tions 
of oxygen, nitrogen, and carbon dioxide in the gas . 
His separate results for ethane, ethylene and propane 
have been summed.) 
Tar Analysis 
It can be inferred from the results quoted a bove 
that a proportion of the volatilised organic sulphur 
is in the form of high molecular weight compounds , 
which would probably be condensible as tar. 
To test this hypothesis, an air condenser (a 
six-inch length of half - inch bore glass tubing) was 
fitted to the gas outlet from the furnace, and left 
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for some hours to enable a film of tar to build up. 
The temperature of the . condenser was about 50- 100°C, 
which would enable a fairly uniform sample of the tar 
to be trapped. The tar film was dissolved in a small 
quantity of ~ure methyl cyclohexanone and the extract 
placed in a crucible. The solvent was removed by 
evaporation over a water bath, and drying in an oven 
at 105°C. The tota·l sulphur content was found by 
covering the residue with Eschka mixture , i gniting , 
and determining in the usual manner. 
Results for the tars collected at 850°C were 
Charming Creek - 3.8%, Wangaloa - 4.3%, and Dauntless 
3.65% total sulphur, which confirms that the tars are 
rich in organic sulphur . 
131 
XIV. Summary and Cone lusions 
Three types of high-organic-sulphur coal have 
been carbonised rapidly, in such a way as to minimise 
contact between the volatile products and solid 
residue. The percentage loss of sulphur (S) was 
found to be directly proportional to the overall loss 
of weight (V), according to the general relation 
s = aV + b 
In the coals studied in this project , the constant 
" a " was always greater than unity (which agrees with 
the claim of Angelova and Syskov3 ) indicating that 
organic sulphur is present in a rather less thermally 
stable form than the rest of the coal matter. The 
constant " b" is probably closely related to the 
evaporation of absorbed or adsorbed water during the 
initial stage of carbonisation. 
The only comparable results located by the writer, 
on the fixed-bed carbonisation of high- organic- sulphur 
coals over a range of different temperatures, are 
those of Goswami and Roy, and Marshall and Draycott 
(op cit Table 3). From their data, it is possible 
to calculate loss of sulphur versus loss of weight, 
as shown in Fig. 37. It will be seen that their 
results have little in common with those obtained in 
the present work. It seems highly probable that, in 
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a fixed bed of carbonis i ng coal, emi ss i on of sul phur 
is complicated by cracking of high molecular wei ght 
volatile products, and reaction of volati le sulphur 
compounds with the hot coke. 
Hydrogenation has been shown to be effective i n 
removing sulphur from char ; this process i s 
noticeable above 550°C, but does not become significant 
until about . 700°c. Results c onfir m the conc l us i ons of 
Zielke et al (op cit Table 3(a)), t ha t the i n itia l l oss 
of sulphur is rapi d , and that it soon decreases and 
approaches the overall rate of gas i ficat i on of c a r bon . 
Hydrogenation for short periods i s theref ore an 
effective means whereby the sulphur content of char 
may be significantly reduced wi th no great decrease 
in yield. 
Attempts have been made to interpret the 
decomposition data, in terms of reaction kinetic s ; 
a simple first - order mechanism gave a near- zero 
"activation energy", and use of the reaction mechani sm 
described by Pitt (op cit) was complicated by the 
necess i ty to assume a frequency factor. The mai n 
conclusion that can be drawn is that the rate- l i miting 
steps in disperse phase carboni sation are of a physi cal , 
rather than chemical nature , and cannot legitimatel y 
be described in terms of conventional chemica l 
kinetics. This conclusion is in agreement with those 
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of other workerso 
The high yields of tarry condensibles indic a t e 
support for Yellow's theory (op cit) that the pr i mar y 
products of carbonisation are high molecular wei ght 
fragments, which subsequently decompose in the vapour 
phase. It appears that very little of the su l phur 
is volatilised as hydrogen sulphide, a lar ge 
proportion ~eing in ·the form of mercaptans . 
No obvious correlation i s apparent between the 
types of coal used and the differences in t hei r 
experimental behaviour . Explanation of these 
differences (particularly as concerns the constant "a") 
may not be possible until it is known what types o f 
sulphur compound are present in the coals , and i n 
what proportions. 
This project originated in a desire to investigate 
the possibility of production of low- sulphur c oke from 
high-sulphur coal. It has been shown that disperse-
phase carbonisation gives char of an appr e ciably lower 
sulphur content than that obtained from fixed- bed 
carbonisation, but only at the cost of a much l ower 
yield; this process may well be of greater potential 
as a means of gas production, by virtue of the 
correspondingly high yield of volatile products . The 
suitability of the char for metallurgical purposes is 
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somewhat doubtful, although briquetting might assist 
its utilisation in this respect. 
Further Work 
The writer considers that the subject is worthy 
of further study, and suggests that work be maintained 
along two main fronts. 
Firstly, investigation into the basic chemistry 
of su l phur in coal, in an attempt to obtain more 
information as to the types of organic sulphur 
groupings present in the coal " molecule". Solvent 
extraction and fractionation , combined with the use of 
infrared and mass spectroscopy to identify the products , 
would probably be the most promising technique. 
Secondly, continuation of the present work on 
rapid carbonisation , with greater emphasis being given 
to the analysis of volatile products, particularly the 
tarry condensibles. Vacuum carbonisation shows 
promise in this respect, in that it permits short 
residence times and minimum degradation of volatilised 
organic matter. 
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Appengix l 
Derivation of equations for Volatiles Losses , acc ordi ng 
to Volatile Matter and Ash Basis methods . 
V.M. Basis 
In the B.S. test method (on a d.a.f. basis), 
100 gm coal = V 1 gm volatiles + (100 - V 1 ) gm coke. coa coa 
In the general case, V% volatiles are lost by the coal 
during coking, i.e. 
100 gm coal = V gm volatiles + (100 - V) gm char . 
Now,assuming that the maximum volatile evo l ution 
(as measured by the B.S. method) is the same , no matter 
how the coking is done, 
v 
(100 - V) gm char = (100 - Vcoal) gm coke + l~gr 
X(100 - V) gm volati les 
(100 - V) (1 -
v 
char) _ 
100 - (100 - v ) coal 
v = 
(100 - V coal) "'o 
100 - 100 (100 v ) ~ 
char 
It is also possible to calculate the proportion of 
original volatile matter remaining in the coa l, P 
(vide Pitt75 ) . 
From above, 
p 
= 
v 
char 
100 (100 - V) 
v 
coal 
Substituting for v, 
p = 
V char X 100 - V coal 
vcoal 100 - vchar 
Ash Basis 
100 gm coal = A gm ash coal 
100 gm char = Achar gm ash 
A coal A gm char 
char 
= Acoal gm ash 
Volatiles loss = 
A 
coal 100 - A X 100, 
char 
on total coal basis. 
On ash-free basis, 
Volatiles loss = 
A 
100 - ( coal X 100 - A 1) A co a 
char 
= 
A 
coal 100 - A (100 - A h ) % 
char c ar 
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Sulphur Loss 
V.M. Basis 
Per 100 gm coal, S in coal = S gm in char + S gm 
lost in volatiles. 
• • • · S% lost 
(lOO - V coal) 
= Scoal - Schar X (100 V ) 
• 0 
= 
% loss of origin~l coal sulphur 
(lOO - V coal) 
Scoal - Scharx (~1~00~-~V~~) 
char 
Ash Basis 
By a similar 
s 
coal 
method, 
% loss of s 
A A 
s S X coal (1 coal - char A h -c ar 
= 
s 
coal 
char 
X 
char) 
100 
100 
X 100 
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l!xporimental RWie - Series I 
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850 Stookton 
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Stookton 60/72 
• . 
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22/}0 
lt-4/52 
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85/100 
41+/52 
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72 85 
72/85 ,_ 
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750 Dauntleao 60/85 
. Stookton 44/52 
DaWitlua 60/85 
~ 
Trial injeotion 
Triala, with H2 and N2 Bloolcage in inJeotor 
llixture oCLrborWidu:o/ooal. BlooJcaga. 
. A a above , inoreaaed gae t'101r, • 
• • , blookage, 
Bloo~ge. 
• 
.lloet of ooal in betoro bloo~ge. 
Bloo~ga, due partl,y to large partiolee, 
High gaa tlowe - minor bloolcage, 
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Rapid injection - early blookage, 
Elnpty bod. No roaotion in abeorbor. 
Empty bod, No ruotion in absorber. 
Shallow bod; Blookage. 
Rapid injection, Bloolcage, 
Partial blookage. New bod aiatar14X.-
Slight bloolcage. Added 100re oarbonmdua. 
Agglomeration in bed. • 
Blool&~e. Cla&ned silioa tube, 
Empty bod-, No reaotion, Lot of emoke, 
" " Aa above. 
Injection O.K. Bed agglomerated, 
BlooJcage • 
I~n O,K. Large reaotion, 
Calibration l'Ulla, at dil'ferent temparaturea , 
770 
745 
Varioua 
Stoolcton 44/52 
Calibration runs, 
625 
610 
615 
61.0 
640 
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S took ton 44/52 
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0.72 
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0.1} 
0.07 
1,0 
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Top ott bod. Observed behaviour, 
Too muob s. 
Blookago in abeorber. 
RWI abandoned - inJootor broke. 
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W M ~ • M R 
Top ott bod. Nc agglom. it 
injootlon very alow, 
Slight blookage and agglomeration, 
Sample lost. 
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640 0,} Different analyeia method. 
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Run abandoned - breakage ot injeotor, 
Calibration run. 
720 Dauntleao 44/52 
740 • 
770 
7oo(?) . 
Calibl'ation run, 
780 • 
780 
3.}2 
2. 9 
3.38 
3.14 
2,66 
2.53 
Ao 61. I~tial titre O,J% S. 
Renrted to original ana.lyaie lll&thod, 
As 63. 
Comparison ot 12 titration reaulta. Uoing aoiditied oadmium ohloride. 
Small UIOWit ot ooal, very alowl,y 
injeoted. 
Aa 68, · 
All 68. 
Aa 68. 
Ae 68, 
l>i.rty deposita in absorber. No tar, 
Slightl)o »>N tar, 
77 
76 
79 
60 
61 
62 
6} 
64 
65 
66 
67 
66 
89 
90 
91 
92 
9J 
94 
95 
96 
n 
,8 
99 
100 
101 
102 
10} 
104 
105 
106 
107 
106 
109 
110 
111 
112 
11} 
114 
115 
116 
117 
118 
119 
120 
121 
122 
12} 
124 
125 
126 
127 
126 
129 
1}0 
1}1 
132 
1}} 
1}4 
135 
1}6 
1}7 
1}6 
1}9 
140 
141 
142 
14} 
144 
145 
146 
147 
146 
149 
150 
151 
152 
Teml!!!raturo Coal ~ Sul~ur 
750 Dauntlooa 44/52 ( 1. 25) 
730 " 1.60 
750 2.76 
750 }.9 
750 1.43 
750 4.73 
750 }.96 
Roplaood oilioa 1'urnaoo. 
740 " 6.76 770 },11 
770 },12 
770 4.72 
710 2.05 
7}0 2.51 
710 5.45 
640 }.42 
710 2.55 
670 2.55 
670 1.55 
8}0 6.15 
Uoe of ""te•• injoot1on. 
660 1.64 
680 }.65 
660 4.79 
680 4.79 
660 4.61 
680 5.36 
850 },62 
870 }.56 
850 4.07 
790 1,92 
600 6.8 
735 4.1 
740 4.6} 
7}5 4.29 
7}5 }.14 
770 4.40 
760 4.56 
780 5.}0 
no 4,92 
790 4.23 
640 4.7 
Installed ote8lll oupply in bypaoo line. 
900 • 2.9 
780 },12 
760 }.~ 
850 4.48 
620 3.83 
650 }.44 
Installed bypeaa tube hoa tor. 
61,0 " 
650 
655 
640 
6}0 
830 
640 
650 
610 
800 
750 
760 
760 
Dauntleaa 52/60 
. 
3.55 
}.6} 
4.3 }.64 
4.15 
4.17 
,.2 
4.4 
3.6 
}.8 
4.} 
4.9 
850 4.3 
660 4.6 
860 3.0 
690 4.0 
670 (4.6) 
6}0 (4.2) 
Errora in analyaia, 
Lot of aolid matter. Freah aolutione. 
New oolutions - bettor. 
Conoration of u2s olo""r than root 
of volatHes. . 
Somo fino ppt in absorber 4tte r ti tr4t1on. 
V~ry •;ow inje~tion, 
Solution in abaorbor much oloaner. 
Separate I 2 titrationo, Slight tar forma. tion. 
About 2 min• on H2, before and attar injection, 
5 mino before and aftor. 
Slight bloclulgo. 
·15 mina on H2 before and attar. 2 hra " . " " w 
Ao above , no 112s notod after 10 mino. Some •oot and tar. 
Ae 9}. 
3 bra on 112 after. Still H2s after } hro, 
· Wator dropper broke - modified, 
Tarry depooi to, . 
} mina on H2 ACtor. Vory little t<>r. Silioa furnace hot tor • . 
Aa 99, 10 mino on H2 o.ftor, Ao 100, 5 mine on H after. 
,Ao 101, 10 min• on ~2 after, Higher tomperatureo. 
Ao 103. 
Ao 104, higher wator rate, 
Packing in•tallod in Mter inj. tube. 
Run abandoned - 1'19ighing orror. 
Aa 106. Exoes•ivo S dotootod, 
Aa 106. 
Run abandoned - analytioo.l error, 
Poor end-point. 
Aa 111. 
On H2 for 1 min after injeotion, Run abendonod. 
On 112 for } mins nt'tar. Still poor 
enil-point. 
On H2 for 5 mins after. 
As n6. 
On H,, 15 mina beforo and aftor. 
As na. 
Very poor end-P.,int. 
Instability in otoam Uno, 
On H 15 mino before and after. 
Ae 1~2, alo" flo" of gas after. 
Coal injection too rapid - tar, 
Ae 124. 
No steam at injeotion. 1128 oam& 
through "bon turned on Ia ter. 
On 112 10 J)liM before and after. 
" " 10 mino b&fore, 5 after. 
Larger oteam flow, 
Muoh greater ateam flow, 
As 1}0, 
A a 1 }1. Uaed pure a team in eubaequent 
Ae 132, /rune. 
High euporhoat. 
As 1}4. 
Ao 135. 
Very slo" injection. 
More otoam. 
Blook4ge, 
As previouo runs. 
On 112 5 mina after. On H2 } mine after. On 112 5 mine aft<>r, Analytical errors. 
. . 
Replaced oilioa ahipa with oeramio beado, 
860 • }. 95 
860 4.27 
Replaced w1 th f'l'eeh oilioa ohipo. 
630 • }.6} 
650 3.77 
650 4.26 
640 2.56 
650 4.67 
End of Serieo I. 
tot of ter, Poor end-point, 
2 absorbers in series. No reaot. in 2n4 
As provioua runs. 
. Ao 146. 
Rapid 1njeot1ori. 
Aa 150. Lot of tar produoed, 
Slow injection. 
Ex122r1mento - Series II 
Trial Runs 
Runo 153. to 167 in Hydrogen 
15} 8}0 Dauntless 57{,60, trial run, · 
1;4 740 Stookton 52 60, top oft, oboorvation or behaviour, 
155 820 " . trial run. Blookago. 156 790 85/100, Blockago, 
157 700 . Agglomer ation, 
156 010 Dtmntleso 52/60: Good sample produood, 
Iootalled eorew feeder, 
159 940 Dauntless 85/100, Frequont blookagoe, 
160 845 " . Coko eottling 1n linen. 161 740 
Stockton 85/100,' 
Sotiofaotor.y operation. 
162 740 Rapid blookago. 
16} 660 Dauntleaa 65/100, So tiofaotory, 
Vlangaloa oool used in ouboequent runo, up to run 199. 
164 700 85/HlO, Goal atioking 1n foedar - too wot, 
165 605 • Ae 164, but oample obtoined, 
166 5}0 Ao 165, 
167 4}0 Aa 165, 
166 730 Total sulphur }.}~. 
169 610 " • }.68!' 
Main Runil - Vlaoe;aloa 
!!:!!1 Tomp, ~ ~ Totol S %Aoh % Voletiloe )! ldoioturo '/. Vo ls loss 1. S loss 
Rune 170-17}, 197- 198 in bydrog9n, reroindor in nitrog9n, {V .H1 ~ {!J':~M. ~ 
1}0 }l~ 60(72 2. 16 10,8} 12.7 }. 2 37.2 71.2 1 1 2.21 10,05 12.2 }.2 37.6 70.5 
172 6}0 },00 9.50 20,} . 0.5 28.2 54 -.7 
17} 5}0 }.50 8.11 24.8 2.7 26.2 45.7 
174 605 }.48 8.15 20,7 2.} 29.9 4~.:t· 
175 760 }.19 11.09 11,1 2.7 38.0 57.'1 
176 705 },28 9.40 16.1 2,} 33.8 54.5 
177 465 }.97 6.96 27.6 },0 23 . 8 36. I 
178 ;40 100c120 }.4} 9.40 22,6 }.4 31. 1 51.7 
179 485 4. 50 6.62 }6.6 2.0 1:), 7 23.0 
180 445 4.67 6.04 40.4 2.2 8.34 15. 8 
181 440 85/100 4.51 5.8} }7.5 1.8 10.6 20.7 
162 520 " 4.10 7.02 }0,0 1,0 19.5 34.5 183 590 3.64 8,2} 2},1 0.5 26.4 46.~ . 
184 6}5 }. 47 8,90 2}.8 2.5 27.5 49.r 
185 685 3.34 9.21 19.6 1.2 30.4 52.0 
186 725 }.05 9.71 17 ,,. 1.5 32.6 58.2 
167 775 }, 06 9.93 14.4 2.4 36.0 59.6 
188 390 100/120 4.95 5.83 1.5.0 2.4 0,9 3.5 
189 425 " 1 •• 86 6,00 41.9 1, 7 5.0 9,1 
190 490 4.41 6,81 . 34.6 2,1 16.5 26,9 
191 570 }.94 6,02 27.4 }.2 26.3 41.7 
192 615 },71 10.49 24.6 2.9 28,3 45.0 
19} 725 3.24 9.90 16.2 ~o.6 36 . 0 57.4 
194 330 " 5.06 4.76 47.4 2.5 -2.8 -1.3 
195 345 6o/72' 4.95 5.5} 43.6 2.6 0 , 9 1.0 
196 420 . 4.49 6.45 }}.1 1,9 15.8 23.1 
197 430 .. ~2 4.61 5.97 34.0 2.5 15. 1 20.6 190 }20 " 5.05 5.16 41.7 1,8 3.2 1. ~ 
"Coke" 925 60/72 3.85 9.48 nil nil 43,9 54.4 
"Coko" 925 85/100 }.85 9.35 nil nil 44.5 56.5 
"Coke" 925 100/120 3.91 6.53 nil nil 43.2 55.0 
!Jain Run& - Stookton ( oxidhod) 
!!:!!1 Temp. ~ ~ 'l'otal S ~ Volatiloo % S Looe ~ Voln tilos Loss 
199 340 60/72 1,39 }1,7 -12.74 2.02 
200 420 . 1.35 27.7 -}.}6 7.52 
201 1,.65 1,}} 20,7 7.27 15.79 
202 S45 1.14 15.8 25.20 20,75 
20} 760 1./o} 12.6 Rojooted, Lnrg9 oontaml.M tion tri tb bed lllll terial, 
204 610 1.30 11.7 " " " . " " 205 730 1,10 20,1 2}.89 16,4} 
206 660 1,01 1},2 35.73 2}.15 
207 870 0. 90 9.3 45.22 26.49 
208 }1,.0 65/100 AgglOlllOration - aamploo roJooted, 
209 S40 .. " .. " 210 760 
211 990 . 60/72 1,10 }.6 37,05 }0,88 
212 955 " ~2 0. 64 }.1 52,18 31.24 213 1000 0. 88 2,4 50.26 }1.74 
214 510 1.47 19.2 -0.56 17.37 
215 6}0 1,29 11,6 . 19.42 24.56 
216 800 1.26 9.9 Rejootod - badly oontominntod, 
217 930 1,00 }.5 42.63 }0.95 
"Coke" 925 1,2} nil 32.17 . }}.40 
.1\nnlyooo or volstilo mntto:r, moioturo oontent and total sulphur (Eoobka method) 
accor ding to li. S. 1016, . 
% S Loso 
~
% Volo Looo 
(asb) 
60.65 
80.1.5 5~.26 5 .}5 
70.06 50.55 
57.52 41.19 
56.16 41 . 50 
72.60 58.39 
66.27 49.97 
42.98 }0, 62 
6},}7 47. }6 
30.02 22, 27 
19.74 14, 20 
16.96 7.60 
30.59 24.2} 
54.}} }6.21 
59.22 41.45 
62,69 1.}.61 
67.77 46.61 
67.95 46.11 
1'1.49 10.99 
16.}1 1}.67 
:n.4o 24.59 
lj.!f.:,56 }6.60 
64.77 52.98 
66. 60 49. 65 
-11.69 -9.76 
9. 51 11,3} 
30. 81 24.72 
22,}6 18,25 
1.49 4.60 
61.66 50.'-4 
58.21 '-4.50 
;4.70 40.91 
!:x.·wrl1nunt~'l Runs - Jc.n·los Jlt 
Runt 220-3)7 uoc<l Ch11r111lne Cro~k cool (35/100 mooh), 
fu.!!l Tamn. Qa! ~ Rs~ldonc<t t\mQ 
220 ~oo rl2 4.67 
ln&tllllod slow (10 rpm) rnotor ln screw Coedor, 
221 750 " 
Rop~l.rod Cl'OCkB ln Curnocu tubo with flro comont . 
222 1160 .. 
PAlntoll lntor1or o( tubo \J\th sod Lum olllcoto. 
223 950 " 3.(>6 10.3 
3.7'· s. 7 224 1150 
225 770 
226 910 
227 940 
22.~ A40 
2'? 710 
210 sa-1 
231 640 
Constructed 
232 liSO 
2)) '•20 
2.14 71'>5 
2)5 1005 
23(, 500 
ucuko" 92) 
?.)7 1030 
23~ 6?0 
23? ?115 
4.20 12. I 
3.85 6 . 9 
2.72 13.3 ) ,40 17 . 11 
J.61. 26 ,5 
5.08 36 . 3 
now,.Curn;~)b 
.. 6.55 
5,(>5 
4, 70 
6.6 
5. 2 !.'2 3. s 
16" lon~ x 
IS,9 
35. I 
1?,'1 
I 2.1 
44,7 
nll 
10.7 
1. 11 
2.'• 5.? 
2. I 
'~ 1.0. 5,4 
,,,6 
'1,7 
10, '1 
3.1 
1. l) 
Conetruetod now fua:nnC'O '• • Ions x 2\" 1.0. 
240 8'10 ~2 4.37 13.0 6.35 21.1 765 4.62 18.5 7.40 
,42 IOOS 4,21 12.8 9,19 
243 620 5. 7) 23.\ {>,19 
244 soo 6,44 24.7 4.00 
245 500 Vacuum 
246 620 !~2 5.43 \8,5 6,15 247 765 4.08 9,8 7.44 
248 880 3.66 7.6 8,74 
249 1005 3.27 7.3 8,78 
250 500 6.58 )8,9 4,33 
~s!t"lls~o ln~~~~~rn tutl.o lnalgj jurnocoi..oJ 
252 620 .. 4,86 20,\ 6.51 
25) 765 4, ,,, 13 .6 9.13 
254 8RO 4.79 9,3 9,13 
255 1005 4.82 7,2 10:2 
flodlClod lncoloy tube, Cor "equlllbrlurn" runa, 
256 1005 N 3,82 9,7 12. 05l 
257 RRO u 2 4,18 10.0 12.01 l 
259 765 4,47 ?,2 \4.24 --a r 
259 620 4.52 11,2 1),)5 
260 ?75 Vacuum 
261 800 N2~112 3.09 6.5 10.72 262 880 3 , 20 5.6 6. 17 
26) sso 2.67 4.6 11.0 
264 880 1,82 4,0 9.47 
265 • 1005 1.72 2.3 6. 73 
·266 1005 2.06 2,3 10.54 
267 1005 2,63 3,2 7,06 
269 1005 2.65 2 .55 6.00 
269 765 2,11 6.1 10. ss 
270 765 3. II 5.4 9.07 
271 765 3,80 8.5 7. 27 
272 76.5 3.3'• 5 .3 5,53 
27.) 620 3. 23 8 ,3 6 .41 
274 620 3.63 1.85 6 , 82 
275 620 3.98 8.3 6.03 
276 620 4,19 8.8 5,43 
277 925 ~2 4.31 3,5 7.13 278 765 4.11 1. 5\ 4. 58 
279 II SO ),00 5.18 5.16 
280 1005 2. ?0 ), 34 5.60 
281 100~ N2~112 2,48 0.16 7,84 2112 "'0 3,50 7.22 7,39 2113 ~so N2,~ft2 3. 45 4 .23 ,, , 98 284 980 2,64 2.14 6 , 48 
285 \005 2.56 3 ,03 5. \3 
286 1005 2 .07 4.88 5,06 
287 1005 2,?7 2,00 5.22 
288 165 2.33 2.29 5, 32 
289 765 2 . 82 3.29 4 , 65 
290 765 3.35 12.2 4, II 
2?1 165 3. 75 3 , 51 '•.07 292 620 ~2 4,57 7 . 28 3.67 293 925 4,26 ?..31 5. ?I 
7.?4 6'0 n:!~u2 295 67.0 3 . 8~ '•,2 .. 7.38 '··n 
'·· 2?6 620 
'•· 32 7. 75 297 
299 
6?0 
~~0 
4.48 
2,19 2,24 
7,)0 
?, \II 
29? ~so ) • 57 2.65 7.70 
300 \005 3 . 59 1. 81 
30\ sso ~2 4,23 5. 55 302 1005 4,4\ 7.16 
303 765 ,.2 4,92 7,28 
304 620 s. 22 6.01 
305 765 4,39 7.32 
306 880 4,29 . 5,78 
307 IO'l5 4.37 7,45 
308 1005 r:z:"2 3.80 8,47 309 890 3,58 6,19 
310 890 3,04 4,63 
3\1 sao 2.16 6,83 
! $ 
I. 5 
1.5 
1. 5 
1.0 
1, 0 
3 
2 
2,5 
3 
2 
loako 
tHxtuc,o o( C Lno ond coarao 
particle• ln protluct. 
UnlCorm product uxcupt 
ror whl te purtlcloe. 
Jtlll some wh1to part1cloa, 
Uo obvloua elan• of c:ombuetlon. 
I:Qe! 
69,5 
61,5 
50,9 
25 .4 
51.6 
28,5 
42,8 
57.2 
5. I 
66,3 
57 , 5 
53.6 
59,8 
39,7 
33,6 
45,7 
63,1 
67.3 
70,8 
13,4 
17,8 
53,9 
59,9 
ss,8 
60. 9 
Urumecoetlul. 
!!2- I S lOCI 30 .. 
\ mln, 
3 
" 3 .. 
I 
30 aoca 
15 
" ) mln. 
I 
" 30 OIICI 
I S It 
3 m1uo 
I 
" 30 GOCI 
IS II 
"2. IS aeca 
!12- \5 80CO I mln . 
I 
" ) 
" 30 aoca 
3 mlna 
" 
I 
" 30 aoco 
I S .. 
112_ 3 m1no 
30 OUCI 
1 s " ) mlno 
30 lOCO 
15 eoca 
1\oroat oC 232 
Ropoat oC 235 
Roput oC 231, 
\5 lOCO 
30 u 
I mln, 
3 mlno 
! Volt [..pu 
40,1 
37,4 
28,5 
17.7 
36,9 
20,4 
36,2 
41,3 
s. 7 
4:!:6 
39,0 
36,8 
41 , 2 
)2,9 
32,9 
36,8 
43,5 
44 , 8 
45 , 0 
14,7 
16, 5 
35.6 
40,5 
43.7 
·45,1 
Run Temp. ~ % s % Vols % Ash Residence time Si02/Si02 Ccoal) Fe/Fe( coal) 
Removed constriction from Incoloy tube. 
312 500 N 6.42 
-
2.06 4 sees 1.28 0.72 
313 620 112 5.30 
-
3.45 10 II 2 .53 1.51 
314 765 II 4.59 
-
3.78 14 II 4.26 0.77 
315 880 " 4.11 - 3.85 15 II 3.97 1.06 316 1005 II 4.26 
-
3.90 15 It 5.22 0.93 
317 1005 II 4.51 
-
3.82 10 If 2.90 1.88 
318 880 II 4.35 4.00 10 II 2.93 0.90 
-319 765 II 4.42 
-
3.85 9 II -2.34 0.81 
320 620 It 5.13 3.45 6 It 2 .66 0.96 
-321 500 II 6.31 
-
2.47 2 II 1.48 0.43 
322 500 II 6.45 2.41 . 0.8 II 0.98 0.35 
-323 620 II 5.83 
-
3.22 1.5 II 2.10 1.50 
324 765 II 4.55 3.80 2.5 II 2.79 1.27 
-325 880 II 4.28 
-
4.16. 3 II 
-
1.19 
326 1005 11 4.11 4.32 3 ft 
-
1.20 
-
Replaced constriction in Incoloy tube. 
327 765 II 4.10 
-
4.·08 2.39 1. 77 
328 765 1~ • TT 3.76 3.98 ~ 30 sees 2.60 1. 35 J. 2~n2 -329 765 3.08 
-
3.96 11 - 1.5 rr.ins 3.03 2.63 
330 765 It 3.14 ..; 4.34 II 5 mins 1.88 3.35 
331 880 .... 4.22 4.81 2 .30 2.77 
N ~f! -332 880 3.68 
-
4.77 H2 30 sees 2.30 1.64 333 880 2 11 2 2.94 4.87 11 - 1.5 mins 2.60 2.47 
-334 830 11 2.34 
-
5.02 ' II 5 mins 2.18 5.38 
335 1005 N2 3.89 .- 4.81 2.83 5.84 336 620 II 5.03 3.60 3.41 2.37 
-337 620 N2+H? 4.74 - 3.1 7 ~ 30 sees 2.75 2.01 338 620 II - 4.30 " - 1.5 mins 3.03 2~22 
- -339 620 " 4.85 - It 5 mins 4.22 2.13 -
"Cokeu 925 
-
5.20 o.oo 6 ~ 95 
EN'D OF ~XPERIHENTS ~.JITH CH...\RHING CREEK COAL 
Rune 340-423 u1ed olthor Won&aloa 85/150 moah, or Dauntloa1 85/120 moeh. 
~ !SO'>· Gu ~2 1\lt leak• 341 600 " " 342 600 
lnttalled new ln~oloy D.l tubo, toaothor vlth tvo moe• turnac:••· 
343 500 " 
344 600 
345 720 Rejectod boc:auao oC acale cont••lnatlon. 
346 820 
347 900 
Rune 348-377: Uansa loa coaL 
Run Temp. Gao ~ Lou o( ~ s ll. Vola 1. Aol'l R&aidonco lVoio Lou 1. S Lou 1. S Lou X Vola Loos 1. ~Lou 1. Volo Lo 
\It time (a~~u•l !l,a , ,,l (actuatl ~ _{y_._t!.,L _fu!lL _illllL 
)48 ?00 ~2 60,7 2.89 8,9 10,27 12 88¢1 62.5 78, 7 67.7 46,3 87,6 81.8 349 810 57 .o 2.90 14,7 9,67 12 61.1 77,9 65 , 4 42.2 86,8 79,5 
350 700 53.8 3,02 19,4 8 . 85 II 55.8 74 . 1 62,2 38 . 5 85. 4 77.9 
35 I 600 48.0 3.32 25.0 8, 17 10 50.1 68, 1 55.8 33,5 82 , 8 75.8 
352 490 35.2 4.31 33,0 6.57 7 37,4 49 . 4 37.8 25 . 2 73.5 69,4 
353 390 9,0 5,35 47,7 4 , 83 5.5 11.3 12,0 1.8 2.8 56.2 57,7 
354 395 10,6 5.28 46,4 4,95 7 12,9 14. 5 5,48 5. 3 57 . 7 58.7 
355 495 37 .o 4.45 30.7 6,82 9 39.2 43,5 37. I 27.7 73 , 4 70 . 6 
356 600 48,0 ),44 21.9 8. 34 13 50.2 66,9 57,8 36.3 82.7 76,6 
357 710 53.9 3. 12 14.0 9,33 15 56.1 73.3 63.1 42.8 85,8 79,1 
358 820 58.5 2.97 8, 1 9.96 16 60.1 77.0 67.2 46.8 87.0 80,6 
359 910 63.7 3.21 6.65 10.65 16. 65.5 78.1 65,0 47.7 86.8 81.9 
360 900 59.7 3.21 8,37 10.5 10 61.8 75.7 64.3 46,6 86,7 81,7 
361 soo 56.2 3.04 11.2 10,1 10 58.5 75.2 65.1 44,7 86.7 80.8 
362 690 52.3 3. 25 16,9 9 . 14 9 54,6 71.3 60,7 40.5 84.8 18.1 
363 605 48,7 3,60 22.6 8.68 8 51.0 65o9 53.5 35.7 82.5 77,4 
364 505 38,1 4,40 30.2 7.30 6 40.5 so. I 38.1 28.2 74.3 72.7 
365 410 12,5 5.18 45.7 4 , 95 4 14,7 17.7 8.3 6.6 58.4 58,7 
366 375 5.6 5,38 4 7. 5 5,20 2,5 8,3 8 ,0 0.9 3.0 58.9 60,8 
367 530 32,8 4,35 36.2 6.80 4 35.3 46 . 7 34.4 22,7 74 , 0 70.5 
368 605 45.6 3.86 25. 1 8.19 5 47,9 61.2 48.~ 33.3 80.3 75.9 
36? 690 49,9 3.26 21.0 8 . 74 6 S2.2 69, 8 58.6 37,1 34.0 17 .s 
)70 790 53. 8 ), 15 15.5 9,62 6.5 56. 1 73 . 0 62.3 41.6 85.8 79.8 
371 885 53.5 3.06 12 ,I 10.2 6.5 60.6 76 . 3 6t•.S 44 , 0 86. 7 8 1. 1 
)72 ?00 56.7 J.n 10.2 10.6 3.5 59. I 73 . 2 62.5 45,4 86. 4 81,9 
373 775 52.2 3. IS 13.6 10.2 3.5 54,9 72.0 62.9 43,0 86.5 81. 1 
374 685 48.8 3.28 18.2 9,52 3.5 51.6 68,9 59.4 39.4 85.2 79,6 
375 595 43.5 3. 71 27 .o 8. )8 3.0 lo6,1 61.5 . 49.1 31.3 81.5 76.5 
376 500 28.5 4,47 35.5 6.71 2,5 31.1 41.7 32 .0 21.8 72.9 70.1 
377 335 6,5 5.24 46.9 4,94 1,5 9,0 11.2 5,0 4.4 57 . 9 58.7 
COK£ 925 so.s 3.86 rnL 9,16 7 mint 52.9 64,6 61.5 51.6 82,3 78,7 
Rune 378-407: D4lunt lOll COAl. 
378 900 " 71,5 5,76 5.9 8,07 16 aoco 65.5 71.9 57.3 47.7 379 800 70.8 5.25 9,9 7. 53 16 64,6 71.1 58.8 45,2 
380 710 67,6 5.02 13.2 7,19 IS 61,5 72.4 59.1 42.8 
381 610 62,1 5.38 19.8 5.86 12 55.9 66.7 53,0 38.0 
382 490 48,3 6.96 31.2 3,44 8 41.4 44,1 31.0 27,6 
383 395 10.8 7,JS 51.7 2.09 6 3.9 4.6 .),4 . 4,0 
384 390 10,8 7.16 51.4 3, 73 s 5.1 6.5 -3.2 -5.0 
385 500 52.5 6,60 26.8 5,00 6 , 5 46.2 50.6 37.3 31,8 
386 615 62.0 5.42 18.0 6,00 9 , 5 55.7 66,2 53.8 39,4 
387 700 . 66.4 5.18 13.3 6 , 74 12 60.2 70.7 58.0 42 , 8 
)88 800 68.6 5.68 6 . 9 7,25 13 62.5 69.6 57.0 47 .I 
389 905 70,5 5,63 4,1 8 . 33 13 64.6 71. 2 58 , 2 48.7 
390 900 69,7 5.'•0 6.4 8.86 9.5 64.1 71.9 58,7 47.3 
391 800 67',9 5.79 8.5 6.71 9 , 5 61,6 68.5 55.7 46,1 
392 710 65 . 1 5.70 12.4 7,21 9 59.2 66,8 54,2 43.4 
393 600 59,7 5.87 21.6 8.20 7 54.7 61 , 7 45.9 35.9 
394 '•80 36.4 6.38 39.4 4.06 4,5 30.3 38.6 26.7 16.8 
395 400 9. 7 6. 78 51.6 4,02 4 4.7 10.9 0,8 -6.0 
396 410 9,3 6,58 51.3 4.09 3 4,4 13.1 s.o -5,5 
397 sos 42.7 6.20 35.3 6,58 ),25 38.1 AS.7 30.8 21.2 
398 600 59,3 6.29 23.1 6,79 5 53.6 58.5 41.8 34.8 
399 700 62.7 6.41 15,5 6.88 6 56.9 60.7 46,4 41.2 
400 805 66.1 6.06 9.8 7,28 6.5 60.2 65.5 52.5 45.2 
401 900 68,0 s. 72 6.2 5,98 6.5 61.4 68.9 57.8 47.6 
402 885 68,3 5.71 4,0 7.84 3.5 61.4 68.4 58.2 48.8 
403 810 65,6 5.66 9,6 8,62 3.5 60.2 67 . 3 55.1 45.3 
404 695 61.5 6.01 18.8 7.87 3 56'. 1 62.1 46,8 38.4 
405 595 53.5 6.23 24.5 7.18 2 . 5 40.4 47.2 40.9 33,3 
406 500 40,1 6,94 37,3 7,92 2.0 36.5 36 , 7 18.0 17.7 
'•07 410 8,5 7.26 51.5 7,45 2,0 6,9 3.4 ~14 . 4 -10,4 
COKE 925 56.7 5.91 NIL 4 . 8 7 mlno 50.2 59 , 1 61.6 51.0 
Run a 408-423 were 11equ1 t1bL"1um11 runo , wlth conotrlct l on 1n pla.co. 
408 400 20,0 5.07 42,4 5,38 equilibrium 22.15 24 , 2 14,8 12,2 W.sngaloa 
409 400 18,4 7.38 48,9 3,02 " 12.1 11.3 5,3 1.2 Daunt leal 
410 500 45.2 3,98 22.0 7.88 47.35 67.7 49.3 36.3 wongaloa 
411 500 56,4 6. 97 21.8 6,01 50.5 51.4 37,4 36,2 Daun t le11 
412 600 51.2 3, 75 17. I 9,25 53.55 63.0 54,) 40.3 Wangaloa 
413 605 63,) 5. 72 13,3 6,91 57.4 65.4 53.6 42.8 Dauntleaa 
414 710 58.2 2.90 7.4 9,87 60.15 75,2 68.2 47.3 iolanaaloa 
415 700 68,2 5,27 8.2 5.17 61.3 71,6 o\,9 46.5 Dauntleaa 
416 805 62.9 ),17 4,1 10.65 64.7 75.7 66. 1 49.25 "angaloa 
417 810 69.6 5.46 3,99 4.95 62.5 71,5 61.3 48.9 Dauntleaa 
418 900 65,5 3.28 3,42 11,0 67.15 76,4 65.0 49,6 Wangaloa 
419 910 71.1 5. 78 2.92 8.24 65.1 70,9 57.8 49.4 Dauntl••• 
420 900 . 112~112 2.07 11.55 llydroaonatocl Cor short ..i'ang,aloa 421 900 2.69 11.75 
" 422 900 2. 77 11,44 porlode, Run1 discontinued 
42) 900 2.48 11.72 duo to oxploalon ha:tard. 
Smoothed Data: Wangaloa and Dauntless Runs 
Wangaloa Dauntless 
remp. Time % Vols Loss % Sulphur % S Loss Time % Vols Loss % Sulphur % s Loss (actual d.a.f,) (d.a.f.) (actual) (actual d.a.f.) (d,a.f.) (actual) 
- - -400 1.5secs 12.0 5.46 15,0 2 sees 2.0 7,87 2.0 
II 2.5 13 5.50 15.3 3 1.0 6.92 9,3 
II 4 14.65 5,50 16,9 4 4,7 7,07 10.8 
!I 5.5 13,0 5,50 15.3 5 10.0 7.40 11.8 
II 7 13.5 5.50 15,9 6 7,0 7.50 7.7 
500 2.5 31.1 4,79 41.7 2 36.5 7.54 36.6 
II 4 33.5 4.83 43.2 3.25 37.5 6.65 45.0 
II 6 40.0 4,80 49.1 4.75 36.0 6.62 44.0 
If 7 38.5 4.50 51.2 6.5 46-.2 6.94 50.6 
II 9 39,8 4,74 49.6 8 43.5 7.05 47.3 
600 3 46.5 4,00 62.2 2.5 41.5 6,68 48.3 
C 11 5 47.5 4.24 60.7 5 53.6 6.75 58.5 z 
)< II 8 50.5 3,98 65.2 7 54.7 6.38 61.7 c~ ., 10 50.1 3,62 68,0 9.5 54 .. 0 5.85 64.4 0 (.') 
;; ::j tt 13 50.15 3.76 66,9 12 55.5 5,80 65.8 i-<m 
c ag.o 3.5 52.3 3.59 69,8 3 56.5 6.50 62.6 
-..,- 6 52.8 3,49 70,9 6 56.9 6,88 60,8 0;, ~ ) > !! 9 55,0 3.56 71.7 9 58.8 6,16 66.5 c:z 
?: iTt 11 11 55.75 3.31 74.1 12 60.2 5.56 70.7 
.,f i: II 15 55.9 3.48 72.9 15 61.0 5.45 71.8 ~ 800 3.5 55.7 3.50 72.6 3.5 ' 60.0 6,18 67.3 
o( II 6.5 56.5 3.48 73.2 6.5 60.1 6.58 65,2 
" 
10 58.5 3,38 75.2 9,5 61.6 6.21 68,5 
II 12 60.8 3.21 77.7 13 62.5 6,13 69.6 
If 16 59.8 3,28 76,7 16 64.6 5.68 73,4 
900 3.5 59,1 3.71 73.1 3,5 61.9 6.20 68.7 
II 6,5 61.2 3.41 76.6 6.5 61.4 6.08 68.9 
II 10 61.75 3.59 75.7 9,5 64.1 5.92 71.9 
II 12 62.5 3.22 78.7 13 p4.4 6.15 71.0 
II 16 65,0 3.50 78.3 16 65.5 6,17 71.8 
400 Equilibrium 22,1~ 5.35 26.4 Equilibrium 12.1 7.61 11.3 
500 II ' 47.3S 4.32 59.8 II 50.5 7.42 51.4· 
600 II 53.55 4.13 66.1 II 57.1 6,19' 64.8 
700 II 60.1 3.26 77,0 II 61.3 5.55 71.6 
800 II 64.4 3.50 78.0 " 62.4 5.71 71.5 900 II €7.15 3,69 78.6 II 64.5 6.25 70,7 
